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Abstract
The increasing energy demand and deteriorating environmental problems stimulate the
exploration of sustainable energy technologies. Hydrogen (H2) is expected to attain global
carbon neutrality owing to its high energy density and zero-emission. Electrochemical water
splitting is considered as an effective approach to produce high-purity H2 cleanly compared
with steam reforming reaction and coal gasification. Among various water electrolysis
technologies, anion exchange membrane (AEM) water electrolysis cells have attracted
significant attention because of their low cost, long-term stability, non-corrosive electrolyte,
and compact cell design. However, the sluggish alkaline hydrogen evolution reaction (HER)
kinetics is a big obstacle, which requires high noble metal loading. Meanwhile, AEM fuel cells
also exhibit many advantages over other fuel cell technologies while the sluggish hydrogen
oxidation reaction (HOR) is a major challenge. Therefore, the development of efficient
electrocatalysts for HER/HOR in AEM water electrolyzers/fuel cells is highly desirable to
better utilize hydrogen energy and attain carbon neutrality. Although platinum-based metals
(PGMs) are the most employed electrocatalysts in practical water electrolysis and fuel cells,
the high cost and limited element resource would restrict their long-term application. Therefore,
it is a great necessity to develop alternative electrocatalysts for PGMs. The catalyst design
principle is highly dependent on the understandings of the fundamental HER/HOR processes.
Currently, the pH-dependent reaction kinetics of HER/HOR for PGMs is debatable and the
universal HER/HOR activity descriptor remains to be established. Therefore, an in-depth
understanding of HER/HOR processes by careful catalyst design avenue is required and more
efficient HER/HOR electrocatalysts need to be developed.
To this end, in this thesis project, the concept of carbon support functionalization via transition
metal single atoms was proposed and the as-prepared carbon support was demonstrated to be
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effective for the alkaline hydrogen electrocatalysis. Following this concept, we further
investigated the effects of transition metals on alkaline hydrogen electrocatalysis and found
that the metal-N-C moieties are dedicated to promoting the Volmer step, which is closely
associated with electronegativity and d orbital occupancy of the metals. Carbon-based
materials possess many wonderful features to be catalyst supports than metal oxides or
hydroxides; however, the lack of water dissociation ability cannot ensure fast overall alkaline
HER kinetics. For the first time, we proposed a catalyst support functionalization strategy via
transition metal single atoms and constructed Ni-N-C/Pt catalyst with highly-improved HER
kinetics in contrast to N-C/Pt. The functional catalyst support (Ni-N-C) has added capability
in H-OH cleaving step that was induced by Ni single atoms, which endows Ni-N-C/Pt with
much higher alkaline HER activity (1.49 A mg-1) than that of N-C/Pt (0.31 A mg-1) and 20%
Pt/C (0.74 A mg-1).
Following our previous concept, we further investigated the effects of incorporated metal single
atoms on the alkaline HER/HOR kinetics. Given this, we employed a series of transition metal
atoms (M= Mn, Fe, Co, Ni, Cu) to functionalize the carbon support (M-N-C), and synthesized
M-N-C/Pt electrocatalysts. With a comparison between M-N-C/Pt and N-C/Pt, these results
indicate that the incorporated metal single atoms present different influences on the HER/HOR
reaction kinetics. The activity trend can be written as Mn-N-C > Ni-N-C ≥ Co-N-C ≥ Fe-N-C
> N-C > Cu-N-C, which is closely associated with the electronegativity of transition metals
and the relative filling degree of their d-orbitals. The HER/HOR activity trend within M-NC/Pt catalysts demonstrates the electronic structure of deposited metal can be modulated by
transition metal single atoms through metal-support interaction and the adsorbed hydroxyl
species do play a certain role in the HER/HOR process.
In summary, the carbon support functionalization strategy is demonstrated to be a universal
catalyst design approach. Furthermore, due to the incorporated transition metal atoms, the M-
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N-C/Pt electrocatalysts exhibit improved alkaline HER/HOR activity, which can be ascribed
to added water adsorption dissociation capability and hydroxyl adsorption. These findings
would also benefit the understandings of HER/HOR processes as well as promote the
development of high-performance electrocatalysts.
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Chapter 1 Introduction
1.1 Background
The global economic development intensifies the depletion of traditional fossil fuels and
induces deteriorating environmental problems. Development of renewable energy resources
with zero-emissions is a prerequisite to building a sustainable society.[1] Currently, solar
energy, wind power, tide energy, etc. have attracted increasing attention due to their endless
and environmental-friendly features. Meanwhile, these energy resources can be harvested by
installing solar panels or wind/water turbines, all of which can be converted into attractive
electricity source.[2] The electricity source can be stored into rechargeable batteries and
chemicals via electrochemical energy storage and conversion technology. In this case, the
renewable resources could drive various industrial sectors or household applications in the
manner of electricity, and achieve a sustainable society. Figure 1 presents a sustainable
circulative energy model, where the renewable resources are stored/utilized through hydrogen
energy.[3] In contrast to any other energy carrier, hydrogen (H2) is a zero-carbon energy carrier
with high energy density and can be easily stored or transported.[2, 4, 5] The production and
utilization of H2 via renewable electricity build a perfect energy cycling, and is expected to
attain carbon neutrality in the near future.[4, 6] The major challenge is to achieve the largescale production/utilization of H2 through water electrolysis and fuel cells.
There are two electrode reactions, namely cathode hydrogen evolution reaction and anode
oxygen evolution reaction in water electrolysis. Meanwhile, the electrode reaction on the H2O2 fuel cells includes anode hydrogen oxidation and cathode oxygen reduction reaction.[7] The
hydrogen electrocatalysis reactions include the hydrogen evolution reaction (HER) in water
electrolysis and the hydrogen oxidation reaction in fuel cells.[8] The most employed
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Figure 1 The sustainable circulative energy model. Reproduced with permission.[3] Copyright
2020, John Wiley and Sons.
electrocatalysts for HER/HOR are platinum-based metals (PGMs). However, the high
production cost and limited element resources restrict their long-term application. Meanwhile,
the HER/HOR kinetics of PGMs under alkaline electrolytes is 2-3 orders of magnitudes lower
than in acidic media, which would require high metal loading in alkaline water electrolyzers
and fuel cells.[9, 10] Therefore, the understandings of fundamental HER/HOR processes and
the development of low-cost high-performance electrocatalysts are highly desirable.
Carbon-based materials have been widely employed in the field of heterogeneous catalysis due
to the large specific surface area and high electronic conductivity.[11, 12] The advantages of
carbon-based materials make them suitable to act as individual catalysts or work as catalyst
supports to construct heterostructured catalysts. When the carbonaceous materials acting as the
individual catalyst, lots of modulation strategies such as defect engineering, heteroatom doping,
and single atom confinement have been developed to boost the intrinsic catalytic activity.
When the carbon-based materials are used as catalyst support, the heterostructured catalysts
with tuneable compositions and interface structures have been designed. The two catalyst
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design concepts have achieved great progress in terms of HER. For the case of HOR, carbonbased materials as an individual catalyst have rarely been reported due to the negligible HOR
activity. Therefore, the metal/carbon heterostructured catalyst would be a wise solution to
simultaneously study the fundamental HER/HOR processes and catalytic activity. To this end,
we employ transition metal single atoms to fine modulate the electron density of carbon support
(metal-N-C), which further to manipulates the metal-carbon interface compositions and
structures. With a comparison between a series of metal/metal-N-C catalysts, the HER/HOR
processes are expected to be further disclosed and more functional HER/HOR electrocatalysts
can be constructed.
1.2 Objectives of the Thesis
Carbonaceous materials are ideal catalyst support because of their many fascinating properties.
Taking alkaline HER as an example, the sluggish water dissociation process is a ratedetermining step that would restrict the overall reaction rate. Similar scientific problems also
exist in the alkaline HOR branch. The science initiative of this thesis is to develop a
multifunctional carbon catalyst support by using transition metal single atoms. Through
investigations of these metal atom functionalized carbon support in HER/HOR, the
fundamental chemical processes and the hydrogen electrocatalysis chemistry are studied in
detail. The objectives of the thesis are to (1) develop multifunctional carbon nanosheets, which
is then employed as catalyst support with highly improved alkaline HER kinetics; (2) find out
how the transition metal single atoms promote the Volmer step in the alkaline HER/HOR
process and disclose the intrinsic reasons.
1.3 Thesis Structure
To achieve better commercialization of water electrolysis and H2-O2 fuel cells, the hydrogen
electrocatalysis chemistry based on transition metals functionalized carbon nanosheets was
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investigated, and the fundamental electrochemical processes were illustrated. The outline of
this thesis is presented as follows:
Chapter 1 introduces the research background of hydrogen energy, hydrogen electrocatalysis
reactions, and the applications in water electrolysis and fuel cells.
Chapter 2 gives a literature review that thoroughly discusses the fundamental principle of
hydrogen electrocatalysis reactions, the argument of HER/HOR activity descriptors, the
material development, as well as the catalyst design approach.
Chapter 3 presents all the experimental details, which include the material information, catalyst
preparation methods, physical or chemical examinations, and electrochemical characterizations.
Chapter 4 studies the catalyst support functionalization approach based on transition metal
single atoms and the application in alkaline hydrogen evolution.
Chapter 5 discusses the specific roles of transition metal single atoms (metal-N-C) in catalyzing
the Volmer step in alkaline hydrogen evolution/oxidation reaction and the underlying reasons.
Chapter 6 summarizes the thesis project and presents the outlooks in the further studies of
hydrogen electrocatalysis reactions and the development of low-cost high-performance
electrocatalysts.
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2.1 Overview of hydrogen electrocatalysis reactions
The hydrogen (H2) is considered as an ideal energy carrier to address the energy crisis and
environmental problems due to its zero-pollution and very high energy density (120-140
MJ/kg).[2, 13, 14] Currently, hydrogen is mainly produced by the steam reforming reaction,
coal gasification, water electrolysis, etc.[6] In contrast to the former two approaches,
electrocatalytic water-splitting via renewable resources is regarded to be the most promising
strategy for the production of high purity H2, and it is expected to be scaled up due to its higher
energy efficiency and environmental friendliness.[15-18] In addition to the hydrogen evolution
reaction in water electrolysis, hydrogen electrocatalysis also includes a hydrogen oxidation
reaction that represents an anode reaction in fuel cells. The water electrolysis reaction equations
are written as below.
In acidic solution:
Cathode: 2H+ + 2e- → H2, E0 = 0 V

(1)

Anode: 2H2O → O2 + 4H+ + 4e-, E0 = 1.23 V

(2)

In alkaline solution:
Cathode: 2H2O + 2e- → H2 + 2OH-, E0 = -0.83 V

(3)

Anode: 4OH- → O2 + 2H2O + 4e-, E0 = 0.40 V

(4)

Overall reaction: 2H2O → O2 + 2H2, E0 = 1.23 V

(5)

The H2-O2 fuel cell reactions can be illustrated as:[19]
In acidic solution:
Anode: H2 → 2H+ + 2e-, E0 = 0 V

(6)

Cathode: 2H+ + 2e- + O2 → 2H2O, E0 = 1.23 V

(7)

In alkaline solution:

6

Chapter 2 Literature Review
Anode: H2 + 2OH- → 2H+ + 2e-, E0 = -0.83 V

(8)

Cathode: O2 + 2H2O + 4e- → 4OH-, E0 = 0.40 V

(9)

Overall reaction: O2 + 2H2 → 2H2O, E0 = 1.23 V

(10)

Figure 2.1 shown the typical image of water electrolysis and fuel cells working under alkaline
conditions. The past several years witness substantial progress for water electrolysis and fuel
cell technology, including the membrane, catalysts, gas diffusion layer, etc.[18, 20, 21]

Figure 2.1 Schematic illustration of AEM fuel cell (a) and AEM water electrolyzer (b) under
alkaline electrolyte.
Compared to water electrolysis and fuel cells that work under acidic media, the anion-exchange
membrane water electrolysis (AEMWE) and fuel cells (AEMFCs) exhibit compelling
advantages due to the low capital cost, relatively mature stack hardware, and the successful
application of low-cost alkaline OER/ORR electrocatalysts.[18, 21] Meanwhile, the corrosion
problems in alkaline media have been prohibited in contrast to that in acidic conditions, which
would also increase the lifespan of the water electrolysis or fuel cells.[22] Despite these merits,
one of the major problems that hinder the further commercialization of AEMWE or AEMFCs
is the development of non-platinum-based high-performance HER/HOR electrocatalysts. The
reaction kinetics of HER and HOR for platinum-based materials under bases is 2 to 3 orders of
magnitudes lower than in acidic conditions, which requires high metal mass loading and
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decreases the commercial feasibility. On the other hand, the HER/HOR reaction mechanisms
of platinum-based materials under acidic/alkaline electrolyte remain arguable. Therefore, a
clear understanding of fundamental HER/HOR processes and an interpretation of the pHdependent kinetics difference are highly desirable to aid the development of low-cost highperformance HER/HOR electrocatalysts. Most of the current catalysts’ design principles or
mechanism interpretations have simply concentrated on the HER branch with little attention
paid to its reverse HOR branch. On the other hand, the knowledge acquired from investigation
of the HER might not work in the HOR branch, as is claimed in the HER, due to the lack of
substantial experiment results as well as theoretical verifications. This would impede our
further understanding of the fundamental science of the HER/HOR, as well as the advancement
of water electrolyzers and fuel cells. To this end, a simultaneous investigation on the HER and
HOR branches would be helpful to construct a universal theoretical thought for the
interpretation of hydrogen electrocatalysis.
Carbon-based materials have attracted increasing attention in the catalysis field due to their
high electronic conductivity, large specific surface area, good resistance to acids and bases, etc.
The modification strategies toward carbonaceous materials as well as the electrocatalytic
applications in HER and ORR have been discussed in many excellent reviews.[11, 23-26]
However, most of the outlines concentrated on the HER, ORR, or OER, with little attention
being paid to the hydrogen electrocatalysis reactions. In this contribution, the current
mechanistic interpretations of the alkaline HER/HOR will be discussed. Meanwhile,
carbonaceous materials used as individual catalysts or catalyst supports in the alkaline
HER/HOR processes are thoroughly illustrated, with the emphasis on how the metal-carbon
interaction affects the HER/HOR kinetics. There will be a comparative discussion of the
current catalyst design principles involved in the HER/HOR and the intrinsic reasons behind
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them. Finally, a future perspective on the HER/HOR catalysts design as well as technical
challenges in terms of AEMWEs and AEMFCs will be uncovered.
2.2 Parameters used to evaluate HER/HOR activity
Overpotential (ƞ)
Due to the existence of circuit resistance and the reaction kinetic hindrance, an additional
applied potential is needed to drive the reaction, which is called overpotential. For the hydrogen
evolution reaction, the overpotential normally refers to the potential that current density reaches
10 mA cm-2, which could make a critical and fair comparison for the catalyst’s performance.
With regards to hydrogen oxidation reaction, the overpotential does not have realistic meaning
as it does in HER due to the existence of diffusion limiting current (jlim) in alkaline conditions.
Hence, the exchange current density and half-wave potential normalized with respect to
diffusion-limited current density (jlim) are critical parameters that would reflect the intrinsic
HOR activity for a certain catalyst.
Tafel Plots
Since 1895, Tafel accumulated experiment data of hydrogen evolution on several metal
electrodes and derived a fundamental logarithmic law between overpotential (ƞ) and current
(i), which is presented in equation (1) and (2).
Ƞ = a + b log(i)

(1)

b = 2.3 RT/ α F

(2)

Here, the a and b are empirical coefficients where b is considered as the Tafel slope and a is
the intercept in y axis.[27] The values of a and b can be obtained from the re-plotted HER
polarization curves, and the Tafel slope is highly correlated with the electrode reaction
mechanism. Specifically, the hydrogen evolution/oxidation is two electrons-transferred process
and they are Vomer and Heyrovsky steps, respectively. The rate-determining step (RDS) can
be derived based on the analysis of electron transfer steps, which is associated with Tafel slope.
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For HER/HOR, the charge transfer coefficient (CTC) is assumed to be 0.5, 0, and 0.5 for
Volmer, Tafel, and Heyrovsky step from the reaction formula, respectively. According to
equation (2), the Tafel slope can be calculated. Assume RDS is a one-electron transferred step,
the Tafel slope is determined to be ~118 mV dec-1 if no electron transfer process can be found
before RDS step, and the RDS is derived to be Volmer step. For the same reason, the Tafel
slope is assumed to be ~40 mV dec-1 if the Heyrovsky is the RDS.

2.3 Recent understandings of HOR/HER descriptor
HER/HOR processes are two-electron-coupled electrode reactions involved in water
electrolysis and H2 fuel cells. The alkaline HER/HOR mechanism is a combination of three
elementary steps: the Volmer step, the Heyrovsky step, and/or the Tafel step.
Volmer step: H2O + e- ⇋ H* + OH-,

(1)

Heyrovsky step: H2O + e- + H* ⇋ H2 + OH-,

(2)

Tafel step: H* + H* ⇋ H2.

(3)

Where the H* represents an adsorbed H atom (Had) on a surface-active site, and the alkaline
HER proceeds via the Volmer-Heyrovsky or Volmer-Tafel step while the HOR follows the
Tafel-Volmer or Heyrovsky-Volmer mechanism. The catalyst design approaches as well as the
discovery of optimal catalysts are highly dependent on having an in-depth understanding of the
fundamental HER/HOR process. Deciphering the scientific issues for the pH-dependent
HER/HOR kinetics as well as finding a universal catalytic activity descriptor, therefore, is
significant for the further development of high-performance electrocatalysts. Figure 2.2 gives
a clear overview of the key stages during the development of the HER/HOR activity descriptor.
The pioneering studies simply concentrated on the HER branch, and the researchers extracted
a linear relationship between the HER exchange current density on monometallic surfaces and
the metal-hydrogen binding energy, thereby generating the volcano plot (Figure 2.2a).[28, 29]
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The volcano plot suggests that the ideal HER catalysts should possess balanced hydrogen
binding energies for the Had adsorption and desorption, which fits well with the Sabatier
principle.[30] Later, with the assistance of density functional theory calculations, Nørskov et
al. obtained a similar volcano curve of the hydrogen chemisorption energies on metal surfaces
and experimental exchange currents, which clearly demonstrated the correlation between the
hydrogen binding energy and the HER exchange current.[31] Since then, the metal-hydrogen
binding energy (HBE) is widely accepted as an HER activity descriptor for a variety of metals
and alloys.[31-33] When the electrolyte changed from acidic to alkaline, 2-3 orders of
magnitudes slower HER kinetics was observed for a wide range of electrocatalysts (e.g. PGMs,
etc.) irrespective of their HBEs, implying that the alkaline HER kinetics might be impacted by
other parameters.[34, 35] In view of this, Yan et al. ascribed the decreased HER/HOR kinetics
to the stronger hydrogen binding energy in alkaline electrolyte, which is associated with the
sluggish Volmer step in the HER/HOR.[36-38] Notably, the HBE here proposed by Yan et al.
is actually an experimental value, which correlates with the peak potential of the oxidation of
underpotential-deposited hydrogen (HUPD) (Figure 2.2b). The pH-dependent kinetics of Pt, Ir,
and Pd electrodes are all linearly related to the position of the HUPD desorption peak, directly
proving the correctness of the HBE concept. From the derived equation:
HBE or Emetal-H = -Epeak × F

(4)

Where F is Faraday constant and Epeak is the peak potential of the oxidation of HUPD. The energy
difference could vary 12.5-13.5 kJ mol-1 from pH = 0 to pH = 13, and the acid/alkaline reaction
rate ratio (γacid/γalkaline) is in the range of 120 to 200, which is in agreement with the
experimentally observed reaction difference.[39] Later, Yan et al. proposed a refined HBE
theory and claimed that it is the apparent Gibbs free energy of hydrogen adsorption, ∆GH, app,
rather than hydrogen adsorption ∆GH, that is correlated with the HUPD desorption peak.[35]
According to Yan et al. (Figure 2.2c), the ∆GH, app can be calculated through the equation ∆GH,
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app

= ∆GH - ∆GH2O, where the ∆GH and ∆GH2O are the intrinsic Gibbs free energy and the Gibbs

free energy of water adsorption, respectively. In the refined HBE concept, changing the
electrolyte (from acids to bases) simply weakens the ∆GH2O while the ∆GH remains constant.
Consequently, the ∆GH, app increases with increasing electrolyte pH and matches the shifted
HUPD desorption peak. On the other hand, recent quantum mechanics molecular dynamics
modeling on Pt (100) also demonstrated the weakened water adsorption under high pH
conditions, in agreement with the refined HBE.[40] The inconsistency for the HBE or the
refined HBE concept, however, is that the pH-dependent HBE trend is not observed for Pt (111)
electrode.[41] In addition, the good HER activity but unsatisfactory HOR activity observed for
MoS2 contradicts the idea that the HBE should control the HER and HOR in a similar way.[42,
43] These results manifest that the HBE or refined HBE might not be a universal descriptor.
Later, it was found that the HOR/HER activity can be enhanced by decorating Pt (111) with
exophilic metals (e.g., Ni, Co, Ru, etc.).[44-46] Accordingly, Markovic’s group proposed that
both Had and OHad species are reactant intermediates, which is also known as bifunctional
theory (Figure 2.2d). In terms of the HER, the incorporation of oxophilic species promotes
water dissociation with the generation of Had, which accelerates the Volmer step and
contributes to the enhanced overall reaction. With regards to the HOR, the oxophilic species
promote the adsorption of reactive OHad, which is vital for the Heyrovsky or Volmer step. In
general, the overall HER/HOR kinetics is rationalized by the balance between water
dissociation, Had, and OHad adsorption. Considering that the multiple adsorption intermediates
are greatly impacted by the catalyst composition and surface structure, the researchers
constructed single-crystal electrodes with controlled Had binding strength and fine-tuned OHad
binding strength, and further found that the HER activity is correlated with the hydrogen and
hydroxide binding strength.[47] Apart from the bifunctional theory, the potential of the zero
(free) charge (pzfc) theory, the 2B (bifunctional and hard acid soft base (HASB)) concept, etc.
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have emerged as an HER/HOR activity descriptor (Figure 2.2e).[41, 48-51] In terms of pzfc,
the researchers ascribed the sluggish water dissociation process in alkaline media to the high
hydrogen adsorption energy barrier, which is closely associated with the water reorganization
kinetics at the electrode/electrolyte interface. The interfacial electric field is negligible for a
low pH electrolyte, while it is predicted to be very high in basic media, which would restrict
the transportation of hydroxide as well as the electron transfer reactions.[52-54] Meanwhile,
the electrode potential for hydrogen adsorption in acidic media in relation to the pzfc is
relatively small, while in alkaline media the value is rather large. Consequently, the potential
of zero free charge (pzfc) is considered to be a descriptor to interpret the big differences in the
HER rate in alkaline electrolyte as compared with acidic ones. Unfortunately, the pzfc theory
cannot explain the asymmetrical effects of the Epzc on the HER vs. HOR activity. In the case
of the 2B concept, Jia and co-workers noted that the incorporation of alkali metal ions promotes
the HER activity alone due to the formation of OHad-(H2O)x-AM+ (AM+ means the alkali metal
cations) adducts that could accelerate the OHad desorption (Volmer step) based on the hard acid,
soft base (HASB) theory.[49] According to HASB theory, the Lewis hard acid (AM+) strongly
binds the Lewis hard base (OH-) and binds the Lewis soft base (OHad) weakly, which could
promote the water dissociation step by accelerating OHad adsorption as well as OH- desorption.
Meanwhile, the Lewis acid hardness decreases in a trend of KOH < NaOH < LiOH, and the
interaction energy gap between OH--(H2O)x-AM+ and OHad-(H2O)x-AM+ follows the sequence
of Li+ > Na+ > K+. Consequently, the enhancement effects on the HER branch decrease LiOH >
NaOH > KOH. Moreover, Jia and co-authors further deciphered the certain role of interfacial
water in the HER/HOR.[55] They proposed that the pH condition, alkali metal cations, and
surface metal states influence the HER/HOR kinetics through affecting the interfacial water
via shuffling the reactant intermediates. So far, the aforementioned assumptions do describe
the HER/HOR activity somehow, but the underlying science and inconsistencies remain to be
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addressed in further investigations. More direct observations and dynamical monitoring of the
multiple reactant species (e.g., OHad, H2O, AM+, etc.) during the reaction, and an accurate
determination of the explicit role of solvated ions might benefit the construction of a universal
descriptor in the future.

Figure 2.2 Overview of the development of hydrogen electrocatalysis descriptors. (a) HBE
theory proposed by Nørskov et al. Reproduced with permission.[31] Copyright 2005, IOP
Publishing. (b) HBE as HER/HOR activity descriptor by Yan et al. Reproduced with
permission.[37] Copyright 2015, Nature Publishing Group. (c) Refined HBE theory.
Reproduced with permission.[36] Copyright 2016, AAAS. (d) The bifunctional theory.
Reproduced with permission.[47] Copyright 2020, Nature Publishing Group. (e) 2B theory.
Reproduced with permission.[49] Copyright 2019, American Chemical Society.
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2.4 Carbon-based materials for hydrogen electrocatalytic reactions
Carbon-based materials have attracted increasing research attention due to the high electronic
conductivity and good resistance to acids and bases. Specifically, carbon-based materials can
be directly utilized as individual electrocatalysts or employed to be catalyst support to build
heterostructured electrocatalysts. In this section, we will discuss the frequently used carbonbased materials as independent catalyst and catalyst support, as well as the commonly
employed modification approaches in hydrogen electrocatalysis reactions. The intrinsic
physicochemical properties and their advantages of these carbonaceous materials will be
illustrated particularly.
2.4.1 Carbon-based materials as independent hydrogen electrocatalysts
2.4.1.1 Judicious choice of carbon-based materials
Graphene
Graphene is a class of single-layered carbon atoms (Figure. 2.3.1a), featuring sp2 hybridized
hexagonal honeycomb structure with a bond length of 1.42 Å and in-plane covalent σ bonds
(~5.9 eV).[56, 57] The valence band of π orbitals and the conduction band of π* orbitals
intersect at the Dirac point thus making graphene a zero-bandgap semiconductor.[58, 59]
Benefiting from the unique structure, graphene possesses fascinating properties such as large
specific surface area (2630 m2 g-1), superior thermal conductivity (~5000 W m-1 K-1), ultrahigh
charged carrier mobility (~200 000 cm2 V-1 s-1), and forceful tensile strength (130.5 GPa). [26,
56, 57] It has to be noted that, pristine graphene is inert in catalysis due to its zero bandgap,
and the stable sp2 hybridization makes it difficult to directly immobilized metal single atoms
on the carbon plane. Fortunately, the defects and impurities induced by the imperfect material
synthetic approaches provide an under-coordinated environment and charge relocation, which
is suitable to work as an independent catalyst or as catalyst supports.
Graphdiyne (GDY)
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Graphdiyne is another single-layered carbon material formed by the combination of sp and sp2
hybridized carbon atoms.[60] Meanwhile, the graphdiyne can be differentiated as graphyne,
graphdiyne, or graphtriyne according to the number of acetylenic groups (-C≡C-) between two
adjacent sp2 hybridized carbon atoms.[61] Be different from graphene, graphdiyne is a
semiconductor with a bandgap of ~0.46 eV, and the charge carrier mobility is 104-105 cm2 V-1
s-1.[60, 62] The normally employed fabrication method of 2D graphdiyne is bottom-up strategy
such as chemical vapor deposition, and the first experimental synthesized graphdiyne was also
grown on a Cu substrate by Li’s group.[63] The large specific surface area and unique carbon
atomic configuration endow it with fascinating properties for applications in the community of
electrocatalysis and energy storage.[60]
Graphitic carbon nitride
Graphitic carbon nitride (g-C3N4) is also a class of 2D material consisting of carbon and
nitrogen. Be analogous to graphene, the g-C3N4 can be regarded as the nitrogen-substituted
graphite lattice framework composed of C-N bonding via sp2 hybridization.[64, 65] Generally,
the 2D g-C3N4 nanosheets are synthesized by a top-down or bottom-up method, which can be
achieved by exfoliation of bulk g-C3N4 or directly thermal pyrolysis of urea, thiourea,
melamine, etc. Due to the medium bandgap (2.7 eV) and low conductivity, g-C3N4 plays
important role in photocatalysis, but is not suitable in electrocatalysis. Therefore, the past work
mainly focused on the aspects that how to increase the conductivity and the intrinsic catalytic
activity of g-C3N4. On the other hand, g-C3N4 exhibits outstanding thermal and chemical
stability compared with the aforementioned 2D carbonaceous materials, which endows it with
an excellent role in the improvement of catalyst durability.[23]
Fullerenes
Fullerenes are another allotrope of carbon with a cage-like structure, which consists of sp2
hybridized carbon atoms (Figure 2.3.1d). According to the number of carbon atoms (n),
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fullerenes are denoted by the empirical formula Cn, and the commonly reported fullerenes are
C60, C70, or C80.[66] Meanwhile, a range of synthetic approaches such as solvent evaporation,
solvent vapor annealing, etc. has been developed for the fabrication of fullerene
micro/nanostructures.[67] Among these reported fullerenes, C60 attracted particular attention
within the material science and catalysis community due to the high electron-accepting
properties, well-defined geometry, and tunable electronic structure.[68-70] However, most
reports focused on the design of hybrid catalysts with fullerenes,[71, 72] the studies of
fullerenes being used as an individual catalyst are rarely, indicating more attention can be paid
on the fullerenes to further explore their catalytic activities.
Carbon nanotubes
As shown in Figure 2.4.1e, carbon nanotubes (CNTs) are composed of rolled-up sheets of
graphene and they can be broadly classified into single-walled CNTs or multi-walled CNTs
according to the number of interlinked layers of graphene.[73] Due to the sp2 hybridized C-C
bonding, the physiochemical property of CNTs is analogous to graphene that possessing very
high electronic conductivity. Meanwhile, the CNTs also exhibit exceptional strength and
thermal stability due to the natural inclination to rope via van der Waals forces.[74] Be similar
to graphene, pristine carbon nanotubes deliver negligible catalytic activity toward HER or HOR,
which highlights the importance of further modifications for the activates the catalytic activity.
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Figure 2.4.1 Molecular configuration of some typical two-dimensional (2D) carbon-based
materials. (a) graphene, (b) Graphdiyne, (c) Graphitic carbon nitride, (d) Fullerenes, (e) carbon
nanotubes. Reproduced with permission.[61] Copyright 2018, American Chemical Society.
2.4.1.2 Defect engineering
The conventional defects in carbon-based materials include intrinsic vacancies and extrinsic
defects. The intrinsic vacancies are the most common structures in carbon-based materials and
they refer to the edges, holes, or Stone-Wales defect, all of which are induced mainly by
imperfect synthetic methods.[75] The extrinsic defects in carbonaceous materials normally
refer to the distorted structures triggered by the incorporation of heteroatoms.[76] Figure 2.3.2
presents some typical intrinsic vacancies and extrinsic defects in graphene, and the intrinsic
vacancies will be mainly discussed in this section. The edge-planes in the carbon lattice have
been widely accepted as catalytic active centers due to their unpaired π electrons that could
facilitate electrons transfer toward oxygen molecules.[76] From the viewpoint of experimental,
the carbonaceous materials with intrinsic vacancies have been mainly studied in oxygen
reduction reaction (ORR).[77, 78] Unfortunately, the investigation of the intrinsic vacancies in
HER/HOR has rarely been reported, indicating carbon intrinsic vacancies might not active Had
adsorption active sites.
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Figure 2.4.2 The typical illustration of intrinsic vacancies and extrinsic defects in graphene.
(a-b) Intrinsic vacancies; (c-d) extrinsic defects. Reproduced with permission.[79] Copyright
2020, American Chemical Society.
2.4.1.3 Heteroatom-doping (Non-metallic atoms)
Heteroatoms doping here refers to the substitution of parental atoms in the framework by nonmetallic heteroatoms (e.g., B, N, S, P, etc.), thereby generating defects and/or heteroatoms
configurations in the lattice framework.[58, 80] Meanwhile, the difference in atomic size and
valence electrons for incorporated atoms than that of the parental atom would cause charge
redistribution on localized atoms and induce the altered electronic structure as well as the
modulated catalytic properties. Among those multiple carbon supports, most heteroatom
doping studies have been concentrated on graphene host due to the fascinating physiochemical
properties. In addition to graphene, heteroatom-doped carbon can be synthesized by one-step
pyrolysis of precursors containing carbon and heteroatom sources. For instance, the N or Sdoped carbon or graphene have been intensively investigated as electrocatalysts for HER, OER,
ORR, etc.[26] However, the HER activity for some single-doped models is not satisfactory.
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Figure 2.4.3 NPO population analysis of heteroatom doping in the graphene matrix. The site
1 in the inset image denotes the doping in the edge sites and site 2 means doping in the center
site. (b) The calculated free energy (∆GH*) diagram for different doping models. (c)
Relationship between ∆GH* and Ediff for different models. Reproduced with permission.[81]
Copyright 2014, American Chemical Society.
To this end, Qiao and co-authors compared different doping models by density-functional
theory (DFT) based calculations.[81] The authors speculated that the incorporation of atoms
with reverse electronegativity to that of carbon might result in a unique electronic structure of
carbon, which could bring enhanced HER activity. Specifically, pure graphene is almost inert
for HER due to its larger Gibbs free-energy of hydrogen adsorption (∆GH* = 1.85 eV). The
∆GH* was remarkably reduced to 0.08 eV after the incorporation of N and P, indicating the
dual-doped model could improve the HER activity by promoting the Had adsorption (Figure.
2.4.3). The incorporation of dual atoms would induce the changed filling of the bonding state
that hybridized by the valence band (v) of active carbon atoms and bonding orbital (σ) of the
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adsorbed H*, thereby generating the modulated ∆GH* as well as varied HER activity. The linear
relationship of ∆GH* as a function of dual-doping models is presented in Figure. 2.4.3c. As a
proof-of-concept application, the HER activity of as-prepared electrocatalysts is shown in
Figure. 2.4.4. Apparently, the overpotential to drive 10 mA cm-2 current density follows the
sequence of graphite < P-graphite < N-graphite < N, P-graphite. Moreover, the decreased Tafel
plots for N, P-graphite compared with P-graphite or N-graphite indicates the dual-doping
strategy could enhance the Had recombination kinetics by promoting Had adsorption. In Figure.
2.4.4c-d, the alkaline HER activities of the as-prepared catalysts are lower than that in acidic
media but maintain the same trend, again demonstrating the improved Had recombination step
was achieved by dual-doping.

Figure 2.4.4 The HER polarization curves and Tafel plots of graphite, P-graphite, N-graphite,
N, P-graphite-1 in acidic (a-b) and alkaline (c-d) conditions. (e) The obtained exchange current
density (i0) of various doping models, and (f) the relationship between i0 with ∆GH*.
Reproduced with permission.[81] Copyright 2014, American Chemical Society.
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2.4.1.4 Single-atom decoration (Metallic atoms)
Single-atom catalysts (SACs) have achieved significant progress in heterogeneous catalysis,
such as CO oxidation, the water-gas shift reaction, electrocatalytic reactions, etc., due to their
efficiency in full atom utilization and excellent activity.[82-84] As shown in Figure 2.3.5a, the
three important compositions in the SAC systems are the metal central ions, the surrounding
ligands, and the host materials.[83, 85, 86] By changing the central metal atoms, the
coordination environmental, or the host materials, the catalyst properties (e.g. activity,
selectivity, and stability) can be modulated accordingly. A typical example is that the earlier
SACs were mainly concentrated on oxide hosts (e.g., FeOx, CeO2, or TiO2) because of their
strong thermal stability in certain reactions (e.g. CO oxidation).[87, 88] Later, the carbon-based
materials were widely selected as hosts, owing to their high electronic conductivity, good
resistance to acids/bases, and abundant coordination environment.[89-91] Since then, carbonbased SACs for reactions including the HER, HOR, oxygen evolution reaction (OER), oxygen
reduction reaction (ORR), CO2 reduction reaction (CO2RR), etc. have been widely reported.
SAC design approaches based on modulating the coordination number, surrounding ligands,
and central metal ions, have also emerged in these electrocatalytic reactions. In terms of the
HER, the earliest report is that the Ni single atoms lie out of the graphene plane and are
coordinated with carbon atoms by the formation of C3-Ni bonding (Figure 2.4.5b).[92] The
C3-Ni coordination prompts the surrounding C atoms to become catalytic active sites due to
the greatly reduced Had adsorption energy, and the interaction between Ni atoms and C is
considered to be the origin of the superior HER activity. Likewise, by using defect-rich
graphene as support, confined Ni atoms with Ni-C6 coordination were also reported by Yao’s
group.[93] Following this concept, Ru single atoms (Ru-N4) were calculated to have strong Had
adsorption energy (-0.5 eV), and are predicted to be weak HER catalysts. To reduce its Had
adsorption, Ru single atoms confined in titanium carbide nanosheets (Ti3C2Tx) were
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developed.[94] In Figure 2.4.5c, the Ru single atoms are dispersed in the Ti3C2Tx lattice, and
the coordination configuration was determined to be Ru-N-S-Ti3C2Tx. In contrast to Ru-N4, the
optimized hydrogen adsorption energy of Ru-N-S-Ti3C2Tx is 0.08 eV, suggesting that the Ru
single atoms on Ti3C2Tx lattice could greatly promote hydrogen evolution. The Ru-N-STi3C2Tx delivered an HER current density of 100 mA cm-2 at the overpotential of 237 mV,
which is remarkably better than for MXene-based HER catalysts. With regards to Ni-N4 species,
their poor HER activity were also confirmed via density functional theory (DFT) calculations
due to its high Gibbs free energy for Had (∆GH* = 1.6 eV).[95] The HER activity can still be
optimized, however, through modulation of its coordination. Specifically, Zang et al. found
that the Ni-N3-O2 coordination could facilitate water dissociation as well as promoting the Had
adsorption, in contrast to Ni-N4 species.[96] The reduced ∆GH* for Ni-N3-O2 (0.69 eV)
compared to that of Ni-N4 (2.55 eV) (Figure 2.4.5d) directly manifests the fast Had adsorption
in Ni-N3-O2. Modulation of the local atomic configuration, defect engineering, support effects,
etc. are commonly employed approaches that have been demonstrated to be effective.[97-99]
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Figure 2.4.5 (a) The single-atom catalyst compositions and the application in hydrogen
electrocatalysis reactions. The different single-atom configurations and the hydrogen
adsorption energy calculation diagram. (b) Niab/Graphene model. Reproduced with
permission.[92] Copyright 2015, John Wiley and Sons. (c) Ru-N-S-Ti3C2Tix model.
Reproduced with permission.[94] Copyright 2019, John Wiley and Sons. (d) Ni-N3-O2 model.
Reproduced with permission.[96] Copyright 2020, John Wiley and Sons.
Apart from graphene, the g-C3N4, graphdiyne, carbon nanotubes, etc. have also been
investigated as host materials for the confinement of metal atoms as well as the application in
HER.[100-106] In Figure 2.3.6, Wei and co-authors employed phosphorized carbon nitride
(PCN) as a host material and synthesized Cobalt (Co) single atoms confined on PCN.[100] The
Co single atoms are dispersed uniformly in the PCN matrix, as described in Figure 2.3.6a. In
terms of HER activity, the overpotential of Co/PCN to drive a current density of 10 mA cm-2
is 89 mV, which is remarkably lower than of PCN (268 mV) and Co/CN (138 mV), respectively.
The Tafel plot analysis validates that the sluggish Volmer step of Co-PCN has been promoted,
which is closely associated with the P-doping that promoting the water dissociation process.
Notably, the authors employed operando X-ray spectroscopy technique to monitor the
dynamical structural changes during electrocatalytic HER. Specifically, the fitted average
oxidation state of Co increased from approximately +2.02 under the open-circuit to +2.40 at 0.04 V, respectively. Furthermore, the Co-N/O bond distance changed from 1.63 to 1.56 Å,
demonstrating the varied Co coordination configuration during HER. A catalytic cycle initiated
by water adsorption for alkaline HER is proposed on HO-Co/PCN configuration. Meanwhile,
the water molecules are calculated to be favored on HO-Co/PCN sites due to the large water
adsorption energy. The H adsorption energy for HO-Co/PCN is very close to that of Pt,
indicating the faster Had recombination step. The highly enhanced water dissociation kinetics
coupled with faster Had recombination contribute jointly to the overall alkaline HER kinetics.
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Figure 2.4.6 (a) The HAADF-STEM image of dispersed Co single atoms in phosphorized
carbon nitride (PCN). (b) Intensity profile of HAADF-STEM image in (a) and elemental
mapping. (c) The HER polarization curve and Tafel plot of Co1/PCN and Pt/C. (d) The
evolutional Co K-edge operando XANES profile with applied potentials during the HER. (e)
Normalized Co K-edge XANES spectra. (f) The fitted average oxidation states of Co according
to the XANES curves. (g) Fourier transformed (FT) spectra of Co XANES spectra. Reproduced
with permission.[100] Copyright 2018, Nature Publishing Group.
Very recently, Shen’s group employed 2D graphyne (GY) nanosheets as host materials and
discussed how metal atoms confined on graphyne affect HER activity.[107] In Figure 2.3.7,
the possible N doping models, as well as Co single atom confinement sites, are illustrated via
DFT-based calculations. Specifically, the sp2- and sp- hybridized C atoms are two kinds of
nitrogen doping sites that can be substituted by N atom, and the Co atom is then bonded with
N-doped GY. The binding energies for Co@N1-GY and Co@N2-GY were calculated to be 5.35 and -4.85 eV, implying the N dopant on the sp2-hybridized C atom has higher structural
stability that is favorable for Co atom confinement. The Co single atom formation energy for
Co@N1-GY (-3.92 eV) is lower than that of Co@N2-GY (-4.52 eV). The Had Gibbs free energy
(∆GH*) for Co@N1-GY and Co@N2-GY were also calculated and compared in Figure 2.3.7c.
Apparently, the ∆GH* value for certain active sites of Co@N1-GY is lower than that of Co@N2-
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GY, suggesting the Co single atom confined on N1-GY model delivering optimal Had
adsorption. And, the HER catalytic active sites are determined to be Co atoms due to the ideal
Had adsorption (∆GH* = 0.038 eV).

Figure 2.4.7 The possible Co single atom anchoring sites on N-doped graphyne: Co@N1-GY
(a) and Co@N2-GY (b), and corresponding minimum energy pathway of bonded Co diffused
from the stable adsorption site to the neighboring stable site. (c) The calculated hydrogen
adsorption energy diagram on different Co@N-GY models. Reproduced with permission.[107]
Copyright 2020, Elsevier.
2.4.2 Carbon-based materials as catalyst supports
2.4.2.1 Metal-Support Interaction
Carbonaceous materials are regarded as ideal catalyst alternatives owing to their large specific
surface area, ultrahigh electronic conductivity, strong stability in acidic/alkaline media, ready
availability, etc.[79, 80, 108] The deficient catalytic activity of independent carbonaceous
materials restricts their direct application as individual catalysts, while their other features
enable them to be ideal catalyst supports.[79, 109, 110] Immobilizing metals, metal oxides,
metal sulfides, etc. on the carbon-based support is a widely employed strategy, because the
stability is enhanced and the spatial distribution can be controlled.[111] Meanwhile, the high
electronic conductivity of carbon promotes the charge transfer kinetics in the heterostructured
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materials. Moreover, the generated interface would give rise to interesting metal-support
interactions, which might exert profound effects on the electronic structure of the catalysts as
well as the adsorption of the reactant intermediates afterwards.[112, 113] One important work
that illustrated how the Ni-carbon heterointerface contributes to the enhanced HOR activity
compared to pure Ni metal was reported by Yan’s group in 2016.[114] In this work, the Ni
particles (~20 nm) were immobilized on N-doped carbon nanotubes (Ni/N-CNT) with a
loading content of around 70 wt%. Ni particles supported on CNTs (Ni/CNT) and pure Ni
particles were also synthesized by the same method for comparison. As shown in Figure 2.4.8a,
the mass activity of Ni/N-CNT at 50 mV overpotential is 9.3 mA mgNi-1, which is 4 times
higher than for Ni/CNT and 33 times higher than for unsupported Ni particles (0.28 mA mgNi1

), indicating that the unique heterointerface between Ni and N-doped CNT results in a

significantly boosted HOR activity. The N-CNT support exerts geometrical effects to decrease
the strong hydrogen binding energy sites with Ni, while on the other hand, the electronic
interaction between the edge N atoms and Ni causes a further upshift of the d-band center of
Ni and activates their adjacent sites for the HOR, which contribute synergistically to the
improved HOR activity (Figure 2.4.8b-c). The Ni-carbon heterointerface can also be
modulated by strain engineering, which was reported by Hu’s group.[115] In this work, the
authors employed a reduction gas (H2/N2) with different H2 ratios to synthesize Ni
nanoparticles supported on carbon and further discussed the strain effects on the Ni-carbon
heterointerface. As described in Figure 2.4.8d, the binding energy of Ni (0) for Ni-H2 (0%4%) causes an upshift of 0.5-0.3 eV compared to pure Ni particles, suggesting that the electrons
have migrated from Ni metal to the carbon support. Meanwhile, this also leads to the
downshifted d-band center of Ni in relation to the Fermi level, as well as decreased hydrogen
binding energy toward Had and OHad.[116] The strain effects were further investigated by using
synchrotron X-ray powder diffraction (XRD) measurements. Ni-H2-0% and Ni-H2-1% clearly
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possess similar and profound macrostrain, but Ni-H2-2% presented the highest value of surface
normalized microstrain. Hence, the prominent microstrain and the weakened macrostrain
endowed Ni-H2-2% with suitable binding energy towards Had and OHad as well as the best
HOR/HER performance As is evident in Figure 2.4.8e, the Ni-H2 catalysts exhibit significantly
enhanced HOR activity with their exchange current density approaching 6.02, 13.79, 24.41,
and 1.13 mA mgNi-2, for Ni-H2-0%, Ni-H2-1%, Ni-H2-2%, and Ni-H2-4%, respectively.
Furthermore, optimal HER activity is also observed for Ni-H2-2% with an overpotential of
merely 36 mV at 10 mA cm-2. It is reasonable to conjecture that the hydrogen
adsorption/desorption can be fine-tuned through changes to the electronic structures of Nicarbon heterostructures by strain engineering or geometrical effects. The carbon support effects
in Ni-carbon heterostructures will be discussed in the following reports. Experimentally, Luo’s
group deliberately synthesized a heteroatom-doped (B, N, and S) carbon matrix, and fabricated
Ni/heteroatom-doped carbon heterostructures (Ni/XC, X = S, N, or B) via the hydrothermal
reduction method.[117] The Ni contents were controlled to have an identical ratio (~50%), and
the Ni particle sizes were in the range of 14-18 nm. Compared with the much bigger particle
sizes of Ni/C, the introduction of heteroatoms reduces the particle size and increases the active
sites. As described in Figure 2.4.8f, the Ni/SC exhibits the maximum HOR kinetic current and
exchange current density as compared with Ni/NC, Ni/BC, and Ni/C. The value of |∆GH*| for
Ni/SC approaches 0 eV and is much lower than those of Ni/NC, Ni/BC, and Ni/C, respectively,
indicating that the incorporation of sulfur (S) optimizes the hydrogen adsorption to a significant
extent (Figure 2.4.8g). Moreover, increasing the S concentration on the Ni/SC heterostructures
induced aggregation of the carbon matrix and Ni NPs, which would lead to decreasing HOR
performance. The negligible change in |∆GH*| for Ni/SC with different S concentrations
calculated from DFT verifies the minor effects of the S concentration on the Ni/SC
heterostructure. The uniform particle size induced by support confinement and the weakened
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HBE of Ni due to the influence of the metal-support interaction are the main factors responsible
for the enhanced HOR performance. Apart from this experimental research, Stephen employed
first-principles calculations to investigate the metal-support interactions by using different
metal/support combinations, and discussed their effects on the HOR activity.[118]
The incorporation of heteroatoms could change the electronic properties of the graphene
substrate, which in turn, affects the electronic structures of the supported metal and its
hydrogen adsorption capability. In Figure 2.4.8h, the interaction energies between the metal
(Ni, Cu, and Ag) and the support (graphene, B-graphene, and N-graphene) were obtained by
DFT calculations, and the results manifest that the incorporation of heteroatoms (B or N)
contributes to the strengthened metal-support interaction as well as the weakened hydrogen
adsorption.
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Figure 2.4.8 The hydrogen polarization curves of Ni, Ni/CNT, and Ni/N-CNT. (b) The
hydrogen binding energy at certain sites. (c) Shift in d-band center at certain sites. Reproduced
with permission.[114] Copyright 2016, Nature Publishing Group. (d) The Ni 2p3/2 XPS spectra,
microstrain and surface area-normalized microstrain of the samples. (e) HOR and HER
polarization curves. Reproduced with permission.[115] Copyright 2020, John Wiley and Sons.
(f) Tafel plots and derived exchange current density values for Ni/SC, Ni/NC, Ni/BC, and Ni/C.
(g) Hydrogen adsorption diagram and the relation between j0 and HBE value. Reproduced with
permission.[117] Copyright 2019, RSC publication. (h) Predicted exchange current density of
metal particles on the supports; support and dopant-induced changes in the hydrogen
adsorption energy. (i) Heat map of the local HOR/HER exchange current density. Reproduced
with permission.[118] Copyright 2019, American Chemical Society.
The synergistic effects of the Ru-carbon interface in the alkaline HER/HOR were studied
earlier in 2013.[119, 120] Ohyama et al. synthesized Ru particles supported on carbon via
liquid-phase reduction and discussed their geometrical effects in the HOR in AEMFCs.[119]
The average particle sizes were ~3.1 nm and ~10.8 nm for their Ru/C-A1 and Ru/C-A2 samples,
respectively, and the cell performance of Ru/C-A1 was remarkably higher than for its
counterpart. According to the X-ray absorption near-edge spectroscopy (XANES) spectra and
the fitting results, the Ru/C-A1 (~3.1 nm) and Ru/C-A2 (~10.8 nm) were determined to possess
nearly identical coordination numbers (CN) of Ru-Ru, indicating the negligible effects of the
CN in determining the HOR performance. The oxidized Ru (RuOx) species in the vicinity of
Ru particles were reduced into metallic Ru during the cell testing, which might have led to the
enhanced HOR activity. The Ru/C-A1 possessed a higher RuOx content than Ru/C-A2, which
might have led to a higher Ru content during cell testing, and consequently an improved cell
power density, although the intrinsic reasons behind the cell performance were not clearly
illustrated. After considering the Ru-carbon interface, the authors deepened their study and
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investigated the influence of particle size, shape, structure, etc. on the HOR performance.[120]
Likewise, Ru nanoparticles with sizes ranging from 2.2 to 6.6 nm supported on carbon were
obtained via a controlled temperature reduction method. As clearly shown in Figure 2.4.9a,
the HOR mass activities of Ru/C exhibit a volcano-type plot as a function of Ru particle size,
with the 3.1 nm Ru having the optimal HOR performance. Furthermore, the specific activity
of Ru/C also showed a volcano-shaped dependence on particle size, and 3.1 nm Ru presented
the best activity. The potential at maximum HOR current (Emax) plotted against the Ru particle
size is shown in Figure 2.4.9a. The Emax remains nearly the same when the Ru particle size is
no greater than 3.1 nm and increases significantly above 3.1 nm, implying that maximum
oxophilicity is generated when the Ru particle size is around 3.1 nm. The surface conditions of
the 3.1 nm Ru/C were examined by HAADF-STEM, as shown in Figure 2.4.9b, where the
bulk Ru metal covered by the amorphous-like layers is illustrated. The XPS and XANES
analysis demonstrated that, if the Ru particles are too small (< 3.0 nm), they inhibit the H2
dissociative adsorption process due to the large fraction of coordinately unsaturated Ru atoms
at the surface, leading to a lower HOR rate. For Ru particles large than 3.0 nm, the easily
formed flat surface (e.g., Ru (0001)) is less active than that of a surface that has coordinately
unsaturated Ru atoms. Therefore, it is reasonable to conclude that the long bridged unsaturated
Ru metal atoms are the intrinsic reason for the enhanced HOR activity of 3 nm Ru/C. Recently,
Wu’s group adopted a new strategy to deliberately improve the active sites of Ru-carbon
heterostructures.[121] In this work, Ru NPs supported on carbon were synthesized by
hydrothermal approach by using water, ethanol, or a water/ethanol mixed solution as solvent,
respectively. The particle sizes calculated by the Scherrer equation were 3.9, 3.2, and 3.7 nm
for Ru/C-H2O, Ru/C-H2O/CH3CH2OH, and Ru/C-CH3CH2OH, respectively. In Figure 2.4.9c,
the amorphous carbon support and the surface oxidized Ru layer are evidenced from the Raman
and XPS spectra. As expected, the Ru/C-H2O/CH3CH2OH features much enhanced HOR/HER
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activity, as shown in Figure 2.4.9d. As claimed by the authors, the Ru/C synthesized in the
mixed solution (H2O and CH3CH2OH) presents a porous structure with maximum exposure of
Ru sites, which is very likely the reason for the enhanced HER/HOR performance.

Figure 2.4.9 (a) The mass activity, specific activity, and Emax for Ru/C against the particle size.
(b) The illustrations of Ru/C particle (3.1 nm) and its HAADF-STEM image. Reproduced with
permission.[120] Copyright 2013, American Chemical Society. (c) Raman spectra and Ru 3d
XPS spectrum. (d) The HER and HOR polarization curves. Reproduced with permission.[121]
Copyright 2019, Elsevier. (e) CV curves and mass activity/specific activity of P-Ru/C, Pt/C,
Ru/C, and PtRu/C. (f) The d-pdos and reaction pathways of P2-Ru and Ru. Reproduced with
permission.[122] Copyright 2020, American Chemical Society. (g) HOR polarization curves
and its kinetics current density compare. Reproduced with permission.[123] Copyright 2019,
John Wiley and Sons. (h) HOR polarization curves and cell performance in AEMFCs using
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Ru/Meso C, Ru/C, and Pt/C as anode catalysts. Reproduced with permission.[124] Copyright
2020, Elsevier.
Any in-depth understanding behind the morphology effects, however, is missing. Very recently,
Luo’s group synthesized phosphorus (P)-doped Ru supported on XC-72 (P-Ru/C), and
discussed the heteroatom doping effects on the Ru-C interface.[122] In Figure 2.4.9e, the mass
normalized exchange current density of P-Ru/C (0.43 mA µg-1) is around 2 times that of Pt/C
(0.25 mA µg-1) and much higher than that of PtRu/C (0.27 mA µg-1). Meanwhile, a similar
advantage for the ECSA normalized exchange current density for P-Ru/C in contrast to Pt/C
and PtRu/C is also obtained. Based on the DFT calculations, the hydrogen adsorption free
energy (∆GH*) of P2-Ru is -0.24 eV, which is lower than that of pure Ru (-0.41 eV), implying
that optimal P doping could promote the H* adsorption/desorption. The d-PDOS of Ru, where
PDOS is the projected density of states, for pure Ru and P2-Ru, and the reaction pathways of
the two samples are also presented in Figure 2.4.9f. Compared with pure Ru, the d-band center
of P2-Ru has shifted negatively away from the Fermi level, indicating the weakened H*
adsorption/desorption, in agreement with the calculated ∆GH*. Furthermore, the reaction
pathways analysis demonstrated that the incorporation of P could significantly reduce the
energy barrier of each step in the HER/HOR. By incorporation of heteroatoms into metals, this
work opens up a novel metal-carbon interface regulation concept that can be applied in many
other catalytic fields. After that, Hu’s group reported platinum group metals (PGMs) supported
on porous carbon supports and investigated the metal-support effects on HER/HOR
performance.[123] Benefiting from the abundant oxygen-based surface groups, the metal ions
can be efficiently reduced into supported metal particles with a low redox potential. Moreover,
the particle sizes and loading can be well-modulated by controlling the reaction temperature.
Ru NP/PC exhibited the best alkaline HER/HOR performance compared with its Rh and Ir
counterparts (Figure 2.4.9g), although these mechanistic interpretations should be
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supplemented by future studies. Very recently, Zhuang’s group also investigated the carbon
support effects in immobilizing Ru particles towards the HOR.[124] Specifically, carbon with
mesoporous holey channels and pure carbon were employed to anchor Ru particles (Ru/Meso
C and Ru/C, respectively), with the Ru particle sizes controlled in the range of 1.8-3.5 nm. As
shown in Figure 2.4.9h, the electrochemical testing revealed that the Ru/Meso C delivered
remarkably higher HOR activity and peak power density (1.02 W cm-2) in AEMFCs compared
with Ru/C (0.76 W cm-2). The hydrophobic surface generated within the mesoporous
microstructure in Ru/Meso C facilitates the H2 dissociative adsorption and promotes the Tafel
or Heyrovsky step. Further, the holey channels in mesoporous carbon prevent the Ru from
being oxidized, so that it retains a higher proportion of metallic Ru than Ru/C. Engineering of
the porous microstructure carbon support offers a facile material design strategy for better
performance in the hydrogen oxidation reaction and beyond.
2.5 Conclusions and Perspective
Water electrolyzers and H2 fuel cells are regarded as ideal clean energy solutions, which could
efficiently utilize renewable resources and secure a sustainable society. To fulfill this vision,
developing high-performance hydrogen electrocatalysis catalysts that could be employed in
water electrolyzers and fuel cells is quite significant and is attracting increasing attention within
the scientific community. Pt-based materials are the current benchmarked HER/HOR catalysts,
but their high production cost, limited natural resources, and stability problems would restrict
their long-term application. As precious/non-precious catalysts, Ru- and Ni-based materials are
considered to be the most promising alternatives in terms of activity and cost. From the
viewpoint of catalyst design on Ru- vs. Ni-based materials, this review has summarized the
recent progress achieved in the understanding of the scientific problems that still exist for the
alkaline HER/HOR process and discussed the most recent catalysts design concept and
mechanistic interpretations. First, explanations of the HER activity descriptors (e.g., HBE
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theory, bifunctional theory, pzfc theory, etc.) could clarify the mechanism of solvated species
(e.g., OHad, H2Oad), the pH, electric field/electrode-Epzc, etc. in HER/HOR kinetics and identify
the consistency and inconsistency that have appeared for each descriptor. Furthermore, the
most recent understanding of the various descriptors and the recent outlined catalysts design
concepts can provide guidance for the rational design of low-cost and high-performance
catalysts in anion-exchange membrane (AEM) water electrolyzers and fuel cells.
Even though tremendous results have been, current state-of-the-art advances in hydrogen
electrocatalysis are far from adequate. Therefore, some future perspectives are presented from
different aspects that need to be further improved. From the experimental perspective, a rational
material design approach holds promise to clearly identify how these variables (ions, pH,
electric field, etc.) influence the HER/HOR kinetics. For instance, a single composition or
single crystal electrode is highly desirable, as both of these would benefit the establishment of
structure-activity correlations, so that the researchers can accurately determine what makes a
difference to the activity. Furthermore, the materials design as well as the mechanistic
interpretations should be concentrated on the HER/HOR branches simultaneously. Many
previous and even current studies simply concentrate on the HER or HOR branch, the
conclusions of which do not have the universality to provide a fair and comprehensive
understanding of the whole process. A thorough investigation including both the HER and
HOR parts would help to reconstruct the frameworks that could correct many previous
inconsistencies and help the hydrogen electrocatalysis research community to move forward.
Considering the multiple solvated ions or species involved in the HER/HOR, advanced
characterizations, particularly the surface-sensitive spectroscopy methods, are suggested to
probe the surface and interface structure changes during the electrochemical reactions. Surfaceenhanced Raman spectroscopy (SERS) has been adopted to validate the role of OHad species
in the alkaline HOR/HER.[125] Likewise, surface-enhanced infrared absorption spectroscopy
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(SEIRAS) has been employed to study the adsorption of cations or hydrogen on the Pt
surface.[39, 126, 127] Apart from the aforementioned advanced characterizations, the in-situ
techniques should also be coupled with them to monitor the real-time changes in catalyst
surfaces and solid-electrolyte interfaces during the HER/HOR reactions. As for the catalysts
themselves, in-situ XAS is a representative tool to provide precise information on the electronic
structure and configurations for certain metals in catalysts. These techniques have already been
employed to study the coordination evolution of Pt single atoms in the HER.[128] Jia and coworkers employed in-situ XAS to study the HER/HOR kinetics of Pt after the addition of
transition metals.[55, 129] Following this concept, other in-situ techniques such as in-situ
Raman and Fourier transform infrared spectroscopy (FTIR) might also helpful to determine the
dynamical changes. Last but not least, theoretical simulations or calculations are highly
necessary. The DFT-based calculations could provide more theory-led design concepts to guide
material design strategies in the future. On the other hand, the theoretical calculations are also
helpful for understanding the complex reaction mechanisms where multiple species are
involved. We hope that a clear understanding of hydrogen electrocatalysis as well as the
application of low-cost high-performance catalysts can be achieved by the combination of the
aforementioned aspects.
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3.1 Experimental Design
As mentioned before, the overview of this thesis is to study the concept of carbon support
functionalization by transition metal atoms and the effects in alkaline hydrogen
evolution/oxidation reactions (HER/HOR). Specifically, we employed nitrogen-doped carbon
(N-doped carbon) as catalyst support and further deposited Pt nanoparticles (NPs) on the Ndoped carbon with the formation of Pt/N-doped carbon (N-C/Pt) heterostructured catalysts.

Figure 3.1 The overall experimental procedures in this thesis.
For a critical and fair comparison, the transition metal atoms doped carbon nanosheets (metalN-C) were fabricated by the same pyrolysis method. Subsequently, the Pt NPs were
immobilized on metal-N-C nanosheets and formed metal-N-C/Pt heterostructured catalysts.
With the comparison between their HER/HOR activities, we demonstrated that the transition
metal atom decoration is a universal material design approach to functionalize carbon support
with a wider range of applications. Moreover, the underlying reason of metal-N-C moieties in
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promoting the alkaline hydrogen electrocatalysis reactions is also discussed. Therefore, the
experimental procedures in this thesis can be divided into three parts: material synthesis,
physical characterizations, and electrochemical evaluations. The overall experimental design
was illustrated in Figure 3.1.
3.2 Chemicals and Reagents
All the chemicals and materials used in this project are listed in Table 3.1.
Table 3.1 The detailed chemical information in this project.
Chemicals

Formula

Purity (%)

Supplier

Glucose

C6H12O6

≥99.9

Sigma-Aldrich

Urea

CN₂H₄O

≥99.9

Sigma-Aldrich

≥98

Sigma-Aldrich

≥99

Sigma-Aldrich

Nickel(II)

acetate Ni(OCOCH3)2

tetrahydrate

4H2O

Manganese(II)

acetate (CH COO) Mn
3
2

tetrahydrate

4H2O

Iron(III) nitrate nonahydrate

Fe(NO3)3 9H2O

≥98

Sigma-Aldrich

acetate (CH COO) Co
3
2

≥98

Sigma-Aldrich

≥98

Sigma-Aldrich

Cobalt(II)
tetrahydrate

4H2O

Copper(II) acetate hydrate

Cu(CO2CH3)2 xH2O

Ammonium

molybdate (NH ) Mo O
4 6
7 24

≥99
Sigma-Aldrich

tetrahydrate

4H2O

Silver nitrate

AgNO3

≥99

Sigma-Aldrich

Potassium hydroxide

KOH

≥85.6

Sigma-Aldrich

5

Sigma-Aldrich

Nafion® 117 solution
2-Propanol

C3H8O

≥99.5

Sigma-Aldrich

Platinum on carbon

Pt/C

20%

Sigma-Aldrich

Carbon black (XC-72)

C

N/A

Sigma-Aldrich
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Ethylene glycol

C2H6O2

≥99

Sigma-Aldrich

Ethanol

C2H5OH

≥99

Sigma-Aldrich

3.3 Materials Preparation
There are three material preparation approaches used in this thesis, which will be discussed in
detail.
3.3.1 High-temperature pyrolysis
The N-doped carbon nanosheets were synthesized by one-step high-temperature pyrolysis
method, which can be referred from the previous report.[26] Typically, the carbon and nitrogen
sources are mixed to obtain homogeneous precursors. Then, the precursors are transferred to a
tube furnace and calcined under an inert atmosphere (N2 or Ar) at high temperatures (e.g., 700,
800, 900 ℃). To incorporate transition metal into N-doped carbon, the metal inorganic salts
(e.g., metal acetates) are commonly selected as metal precursors to mix with carbon/nitrogen
sources. And, the glucose, urea, dicyandiamide, polyaniline, 2-methylimidazole, and
cyanamide are normally employed to be carbon or nitrogen source.
In this work, we employed metal acetates, glucose, and urea to synthesize the metal-N-C
nanosheets. For the case of Ni-N-C nanosheets, a certain amount of Ni(CH3CO2)2·4H2O
solution (0.138 M), glucose (0.5 g), and urea (8.0 g) were mixed in a glass beaker with 40 mL
deionized water to form a transparent solution. The solution was evaporated to dryness at 80 ℃
to get the precursors, which were subjected to calcination at 900 ℃ for 5 h under an argon
atmosphere to obtain the Ni-N-C nanosheets. The Mn-N-C, Fe-N-C, Co-N-C, and Cu-N-C
nanosheets were synthesized by an identical approach with corresponding metal salts.
3.3.2 Solution-based Reduction
In order to synthesize metal-N-C/Pt heterostructured electrocatalysts, the Pt nanoparticles (NPs)
were further immobilized on metal-N-C nanosheets via solution reduction and freeze-dried
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method. In this section, the solution reduction method will be illustrated. Specifically, the
ethanol and ethylene glycol (EG) (EG: Ethanol=1:1) were adopted to be reduction solvent due
to their medium reduction ability, good dissolve capability, and environmentally friendly.
Typically, the support materials and Pt precursor (H2PtCl6/EG) were added into a glass bottle
with 40 mL solvent. Then, the solution was sonicated for 3-4 hours to obtain the homogeneous
dispersion. Subsequently, the mixed solution was heated at 80 ℃ in an oil bath under
continuous stirring for 5 h. In the solution system, the hydroxyl (OH) groups normally work as
reduction active sites, and the metal salts can be reduced as well as in-situ growth on the support.
By varying the reaction temperature and time, the metal morphology can be controlled
accordingly.
3.3.3 Freeze-drying method
The freeze-drying method is a low-temperature dehydration process. The support and metal
precursors were added into a glass bottle with a certain volume of water. After sonication for
3-4 hours, the mixed solution was freeze-dried to obtain the dried powder. Subsequently, the
powder was calcined at 300 ℃ under an argon atmosphere before getting the M-N-C/Pt
electrocatalysts. In this process, the freeze-drying ensure the nearly complete reduction and
growth of Pt on the carbon support.
3.4 Physical Characterizations
3.4.1 XRD
X-ray powder diffraction (XRD) is an accurate and rapid technique to identify unknown
crystalline compounds and provide information on unit cell dimensions. The tested materials
need to be grounded and uniformly dispersed before the examination. The fundamental
principle of XRD is Bragg’s law, which is described in Figure 3.2. Specifically, the X-ray
radiation is a kind of electromagnetic wave, and the laboratory used XRD instrument usually
produces X-rays by bombarding the target material with highly accelerated electrons. The X-
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ray wavelength is characteristic of the target material and varies case by case. In Figure 3.2,
when the X-ray beam is incident onto a crystal surface and satisfies the Bragg Equation,
constructive interference occurs and a peak in intensity can be observed. In this case, d is the
distance between lattice plane, θ is the incident angle that also equals the angle of scattering. λ
is the wavelength of X-ray and n is an integer. The Bragg’s equation can be written as:
n λ = 2 d sin θ

Figure 3.2 The schematic illustration of Bragg’s law.
In this project, the composition and the crystal structures of the electrocatalyst were examined
by PANalytical Empyrean XRD using Cu Kα radiation (λ = 0.15406 nm) from 10-80º.
3.4.2 XPS
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique to analyze the
elemental compositions and valence states of elements within a material. The fundamental
principle of XPS is the photoelectric effect, where the electron binding energy can be
determined by the energy of incident X-ray and the emitted electron’s kinetic energy according
to the equation:
Ebinding = Ephoton – (Ekinetics + ø)
Here, Ebinding is the energy of an electron attracted to a nucleus that we wish to acquire, Ephoton
is the energy of incident X-ray, and Ekinetics is the energy of the emitted electrons measured by
instrument. ø is the work function for the specific surface of the test material. By comparing
the measured Ebinding for a certain element with the standard binding energy database, the
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electron transfer and valence states can be analysed. In this doctorial project, the XPS
instrument is Phoibos X-ray photoelectron spectrometer (100 Analyser, SPECS, Germany,
AlKa X-rays) and Nexsa X-Ray Photoelectron Spectrometer (ThermoFisher, Al Kα X-rays).
3.4.3 XAS
X-ray Absorption Spectroscopy (XAS) is a widely employed technique to probe the local
atomic structure and electronic configuration of a certain metal for the tested material.[130]
Compared with the surface-sensitive character for XPS, XAS can be used for the bulk physical
environment and the material can be crystallized, disordered, or solutions. When X-passes
through a sample (Figure 3.3a), the intensity is attenuated, and the adsorption coefficient can
be determined by Beer’s Law as shown below:
I = I0 e−µt
Here, I and I0 are incident and transmitted intensity of X-ray, respectively. µ is adsorption
coefficient and t is sample thickness. As described in Figure 3.3b, the XAS spectrum can be
divided into three regimes: pre-edge peak, x-ray absorption near-edge spectroscopy (XANES),
and extended x-ray absorption fine-structure spectroscopy (EXAFS).[131] The pre-edge peak
is a flat region that comes from little interaction between incident X-ray with inner shell
electrons due to the insufficient X-ray energy. When the incident x-ray energy equal to the
binding energy of a core-level electron, a sharp rise in the adsorption occurs, which corresponds
to the promotion of core-level electron to the continuum. XANES is very sensitive to oxidation
states and coordination chemistry. With the further increase in X-ray energy, the emitted photoelectrons would scatter and interfere with surrounding atoms, which is called EXAFS and
reflects the detailed atomic structure such as bond distance and coordination number. XAS
normally requires a synchrotron light source that the X-ray energy can be modulated easily. In
this project, the XAS spectra of metal K-edge or L-edge were acquired at beamline BL14W1
at the Shanghai Synchrotron Radiation Facility (SSRF). After that, data were processed by
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using Demeter software and then further Fourier transformed (FT) at real space to reveal the
local structure configurations including bond distance, coordination number, etc.[132]

Figure 3.3 (a) X-ray absorption and the Beer-Lambert law. (b) The XAS spectra features
including the pre-edge, XANES, and EXAFS regions. Reproduced with permission.[131]
Copyright 2019, Springer Nature.
3.4.4 TEM and STEM
Transmission electron microscopy (TEM) utilizes beams of electrons to penetrate the specimen
where the morphology structures and particle sizes of the sample can be reflected. Compared
with parallel electron beams focused perpendicular to the sample plane for TEM, the working
model of scanning transmission electron microscopy (STEM) is electron beams from a large
angle converged into a focal point of the specimen. By using the selected area electron
diffraction (SAED), energy-dispersive X-ray spectroscopy (EDS), and electron energy loss
spectroscopy (EELS), detailed sample information such as crystal structure, elemental valence
states, etc can be obtained. In this thesis project, the TEM images were acquired by using a
JEOL JEM-2010 TEM (working voltage: 200 kV). The HAADF-STEM images were obtained
on a JEM-ARM 200F at an operating voltage of 200 kV.
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3.5 Electrochemical Characterizations
3.5.1 Three-electrode configurations
The electrochemical characterizations were evaluated in a three-electrode configuration. As
shown in Figure 3.4, the three-electrode system consists of a working electrode, a reference
electrode, and a counter electrode. The working electrode and counter electrode form a closed
circuit, and the electrochemical reaction that happened on the working electrode can be
evaluated by tuning the applied potential. The reference electrode has a fixed and known
electrode potential, which is used as a reference to measure and control the working electrode
potential. In this doctorial project, the hydrogen electrocatalysis reaction was evaluated via the
three-electrode system. In terms of HER, the catalyst ink was dipped in the glass carbon
electrode that can be directly used as a working electrode. The graphitic rod and Hg/HgO
electrode are used as counter and reference electrode, respectively. For the case of HOR, the
Pt wire and Ag/AgCl electrode are employed as counter and reference electrode, respectively.

Figure

3.4

The

illustration

of

three-electrode

configuration

in

electrochemical

characterizations.
3.5.2 Activity test
The catalyst activity can be reflected by the overpotential, Tafel plot, exchange current density,
and TOF value, both of which can be acquired by evaluating the linear sweep voltammetry
(LSV) curves and electrochemical surface area. The overpotential is the difference between the
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experimentally observed potential and the equilibrium thermodynamic potential for a certain
half redox reaction. The overpotential reflects the extra energy than thermodynamic expected
to drive a reaction. In the research community of hydrogen electrocatalysis, the overpotential
for HER refers to the potential value at the current density of 10 mA cm-2. Meanwhile, the
Tafel plot can be obtained by replotting the LSV curve and is also associated with the reaction
kinetics. The Turnover frequency (TOF) denotes the maximum yield of products at the catalytic
active sites for a given reaction. By calculating the authentic active sites, the TOF values can
be obtained via the equation:
TOF =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠

The exchange current density is the characteristic feature of a working electrode in hydrogen
electrocatalysis and can be obtained by replotting the LSV curve in the HOR branch.
3.5.3 Stability test
The catalyst stability can be reflected by their durability or structural stability before and after
cycles. Chronopotentiometry (CP) and Chronoamperometry (CA) are two typical methods to
measure the durability of a given catalyst. By setting the current of the working electrode as a
constant value, CP could acquire the current degradation degree with time. On the other hand,
by setting the potential of the working electrode as a constant value, the CA could capture the
increased potential with time. In addition to CA and CP, the structural stability before and after
electrochemical cycles is good evidence to reflect the durability. The after-cycled morphology
(e.g., SEM, TEM, or STEM) and the after-cycled phase structure all provide adequate
information for the stability examination.
3.5.4 Electrochemical impedance spectroscopy (EIS)
The EIS is a good technique to probe the charge transfer resistance of given catalysts at specific
overpotential. The EIS plots in this project are captured from 100 kHz to 100 Hz.
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4.1 Introduction
Developing highly active electrocatalysts with reduced noble metal content for hydrogen
evolution reaction (HER) under alkaline media is of great significance for the further
advancement of anion-exchange membrane (AEM) water electrolysis for hydrogen
production.[133-136] However, the alkaline HER activities of Pt-based materials were found
to be 2 to 3 orders of magnitude lower than those in acidic media, which requires high metal
mass loading in practical alkaline electrolyzers.[17, 137-139] The inferior alkaline HER
kinetics is generally ascribed to the sluggish water adsorption and dissociation step (Volmer
step).[49, 140, 141] Following the Volmer step, the adsorbed hydrogen atoms (Had) are
recombined as H2 and then desorbs from the electrocatalyst.[142] H2O, OHad, and Had are
independent intermediates in these elementary reactions, and, basically, ideal catalysts should
possess balanced adsorption capability toward each reaction intermediate to realize fast HER
kinetics in alkaline media.[34, 44] A rational design strategy is constructing heterostructured
electrocatalysts to trigger synergistic effect at the heterointerfaces.[143] Specifically, one
component in the heterostructure acts as the water dissociation promoter while the other part
is responsible for the following hydrogen evolution process.[46, 144-148] It has to be noted
that, most of the aforementioned catalyst systems are a simple superposition of two reactive
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centers (e.g., metal hydroxides and Pt), and the supports are usually metal oxides/hydroxides,
the conductivity of which is not sufficiently high to ensure fast reaction kinetics.[145, 149,
150] Carbonaceous materials have a significant advantage of high conductivity and have been
extensively employed as electrocatalyst supports for a wide range of applications.[26, 151-155]
Unfortunately, they do not have the function of cleaving H2O and hence cannot serve as the
catalyst promoter for alkaline hydrogen evolution. Therefore, it would be of great interest to
endow the carbonaceous materials with decent capability for accelerating the Volmer step
toward the development of highly efficient heterostructured electrocatalysts for alkaline HER.
To this end, for the first time, a transition metal functionalization strategy was proposed toward
the synthesis of multifunctional carbon nanosheets as the electrocatalyst supports for alkaline
HER. Specifically, the atomically dispersed Ni species were confined in the N-doped carbon
nanosheets (Ni-N-C) in order to endow the carbon nanosheets with an additional function
toward water adsorption and dissociation. Notably, due to the high utilization efficiency of Ni
atoms, it can be anticipated substantial water dissociation ability would be achieved with
minimized Ni species that are inactive for the later hydrogen recombination step. Further, the
Ni single-atom configuration possesses high stability over other metal oxides/hydroxides. It
has to be noted that, the incorporation of Ni single atoms could also induce charge
redistribution in the support, which is closely associated with the metal-support interaction.
With Ni-N-C as the multifunctional electrocatalyst support, a fascinating Ni-N-C/Pt
heterostructure with well-defined interface chemistry was designed and synthesized.
Benefiting from the synergistic effects triggered by Ni functionalization and unique
heterointerfaces, the Ni-N-C/Pt heterostructured electrocatalyst delivers decent catalytic
performance toward alkaline HER.
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4.2 Experimental Section
Materials synthesis
The nitrogen-doped carbon (N-C) nanosheets were synthesized by a solid pyrolysis method.
Typically, 8.0 g urea and 0.50 g glucose were added into a glass beaker with 40 mL deionized
water to form a transparent solution. The solution was evaporated to dryness at 80℃ to get the
precursors, which were subjected to calcination at 900℃ for 5 h under an argon atmosphere to
obtain the N-C nanosheets. For the preparation of Ni-N-C support, a certain amount of
Ni(CH3CO2)2·4H2O solution (0.138 M) was added to the solution together with glucose and
urea with other conditions kept identical. Different Ni-N-C-x (x=50, 150, 250, and 500)
nanosheets were obtained by varying the amount of Ni(CH3CO2)2·4H2O solution. In terms of
metal nanoparticles (Pt NPs) loading, the N-C and Ni-N-C were used as the substrate, and a
chemical reduction method was adopted. Typically, 20.0 mg substrate was added into a glass
bottle with 40 mL mixed solution (EG: Ethanol=1:1), then 102.5 µL (calculated as 10 wt.% of
Pt NPs in Ni-N-C/Pt) H2PtCl6/EG solution (0.1 M) was added into the precursor suspensions
followed by ultra-sonication for 4 hours. Subsequently, the mixed solution was heated at 80 °C
under continuous stirring for 5 h, and the product was centrifuged and rinsed 5 times. Finally,
the N-C/Pt NPs and Ni-N-C/Pt NPs were obtained after dried in vacuum at 50 °C for overnight.
For the growth of Ir and Pd NPs, the Ni-N-C-250 was selected as the support material, and the
H2PtCl6/EG solution was substituted by the K2IrCl6/EG solution (0.01 M) and Na2PdCl4/EG
solution (0.5 M), respectively. Briefly, 10% (Metal: support) K2IrCl6/EG or Na2PdCl4/EG were
added into the support solution and ultrasonicated for 4 hours. The Ir-containing solution was
heated at 120 °C for 6 hours while the Pd-containing solution was stirred at room temperature
for 10 hours. Both Ni-N-C-250/Ir and Ni-N-C-250/Pd were obtained after identical washing
and drying procedures. All chemicals used were purchased without further purification.

48

Chapter 4 Nickel Single Atom-Decorated Carbon Nanosheets as Multifunctional
Electrocatalyst Supports toward Efficient Alkaline Hydrogen Evolution
Structural characterization
Powder X-ray diffraction (XRD) patterns were measured by PANalytical Empyrean XRD
using Cu Kα radiation (λ = 0.15406 nm) from 10-80º. X-ray photoelectron spectroscopy (XPS)
measurements were carried out on a Phoibos X-ray photoelectron spectrometer (100 Analyser,
SPECS, Germany, AlKa X-rays). Transmission electron microscopy (TEM) images were
captured by a JEOL JEM-2010 TEM (working voltage: 200 kV), and high angle annular darkfield scanning transmission electron microscopy (HAADF-STEM) images were obtained on a
JEM-ARM 200F at an operating voltage of 200 kV.
X-ray absorption data collection, analysis, and modeling
X-ray absorption fine structure (XAFS) spectra of Ni K-edge and Pt L3-edge were acquired at
beamline BL14W1 at the Shanghai Synchrotron Radiation Facility (SSRF). Data were
processed by using Demeter software and then further Fourier transformed (FT) at real space
to reveal the local structure configurations including bond distance, coordination number,
etc.[132]
Electrochemical measurements
Electrochemical tests were performed in a three-electrode setup (PINE Research Instrument
Inc.) with a glassy carbon (GC) disk electrode (5 mm in diameter) as the working electrode, a
graphite rod electrode as the counter electrode, and a Hg/HgO (1 M) electrode as the reference
electrode. 4.0 mg sample dispersed in the 1000 µL testing solution containing 32 µL Nafion
solution (5%), 200 µL isopropanol, and 768 µL DI water with 3 h ultra-sonication to form a
homogeneous catalyst ink. Then, 10 µL as-prepared ink was drop-cast onto the GC electrode
(mass loading ~0.204 mg cm-2) and dried naturally at room temperature. High-purity nitrogen
gas was purged into the electrolyte (1 M KOH) for 15 mins before the test, and all
electrochemical data were recorded by an electrochemical workstation (Multichannel
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potentiostat/galvanostat VSP-300, BioLogic Science Instrument). With regards to the HER,
linear sweep voltammetry (LSV) was collected at a scan rate of 5 mV s-1 with a rotating speed
of 1600 rpm, and the stability of the catalysts was characterized by cyclic voltammetry (CV)
with a scan rate of 100 mV s-1 for 1000 cycles. Besides, a long-term durability test was
performed by loading catalysts ink on a Titanium (Ti) foil (1 mg cm-2), and the
chronoamperometric curves were evaluated at an overpotential of 200 mV for 10 h.
Electrochemical surface area measurements
The electrochemical surface area was measured based on the hydrogen underpotential
deposition (HUPD) method. Specifically, the as-prepared catalysts with the same mass loading
were tested in the above-mentioned three-electrode setup in N2-saturated 0.1 M KOH solution.
CV curves were collected at a scan rate of 50 mV s-1 with a rotating speed of 1600 rpm. The
detailed ECSA calculation process can be found in reference.[156, 157]

4.3 Results and Discussion
N-doped carbon nanosheets were synthesized by high-temperature pyrolysis (see experimental
section). The wrinkled nanosheet-like morphology can be observed from the transmission
electron microscopy (TEM) images (Figure 4.1). For the preparation of Ni-functionalized Ndoped carbon nanosheets, nickel acetate was mixed with the C-/N-containing precursors before
pyrolysis (Figure 4.2a, see experiment section). The Ni-modified N-doped carbon nanosheets
are denoted as Ni-N-C-x (x is the volume of nickel acetate solution and x=50, 150, 250, 500).
Pt nanoparticles were deposited on Ni-N-C-x nanosheets through a mild chemical reduction
method. Figure 4.2b shows the typical TEM image of Ni-N-C-250, which cannot tell the
difference with N-doped carbon (N-C). The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images (Figure 4.2c-d and Figure 4.3)
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indicate that mono-dispersed Ni single atoms (bright dots) are uniformly distributed on the
surface of the carbon support. Ni species aggregate into nanoparticles with further increasing
Ni content, which can be evidenced from the TEM images (Figure 4.4). Moreover, the
presence of Ni (111) diffraction peak in XRD patterns (Figure 4.5) also manifests the
formation of Ni nanoparticles. Figure. 4.2e is the typical TEM image of the heterostructured
electrocatalyst with Pt NPs (3-5 nm) deposited on Ni-N-C-250 support, and the energy-

Figure 4.1 (a-b) Transmission electron microscopy (TEM) images of nitrogen-doped carbon
nanosheets (N-C).

51

Chapter 4 Nickel Single Atom-Decorated Carbon Nanosheets as Multifunctional
Electrocatalyst Supports toward Efficient Alkaline Hydrogen Evolution

Figure 4.2 (a) Illustration of the fabrication process of Ni-N-C and Ni-N-C/Pt. (b) TEM and
(c-d) HAADF-STEM images of Ni-N-C-250. (e) TEM and (f) HAADF-STEM image of NiN-C-250/Pt and the elemental mapping images of N, Ni, and Pt. (g) HAADF-STEM image of
Ni-N-C-250/Pt.
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.
Figure 4.3 Aberration-corrected high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of as-prepared Ni-N-C-250.
dispersive x-ray spectroscopy (EDS) mapping images confirm the homogeneous distribution
of Pt, Ni, and N elements over the entire nanosheet (Figure 4.2f). As can be seen in Figure
4.2g, Ni single atoms are still well sustained after the deposition of Pt NPs, and the lattice
spacing of 0.23 nm can be assigned to the (111) plane of Pt. Similarly, Figure 4.5b and Figure
4.6 show the XRD patterns and TEM images of the heterostructures with N-C and Ni-N-C-500
as the supports, respectively.
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Figure 4.4 Morphology evolution of Ni-modified nitrogen-doped carbon (Ni-N-C) nanosheets.
(a-b) Ni-N-C-50, (c-d) Ni-N-C-250 (Ni single atoms), (e-f) Ni-N-C-500 (Ni nanoparticles).
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Figure 4.5 X-ray diffraction patterns of (a) N-C, Ni-N-C-x; (x=50, 150, 250, and 500) and (b)
N-C/Pt, Ni-N-C-x/Pt; (x=50, 150, 250, and 500).

Figure 4.6 Morphology evolution of Pt anchored on Ni-N-C nanosheets. (a-b) N-C/Pt, (c-d)
Ni-N-C-250/Pt, and (e-f) Ni-N-C-500/Pt.
The nitrogen and metal contents of the heterostructures were determined by XPS and
inductively-coupled plasma mass spectroscopy (ICP-MS), as shown in Table 4.1-4.2. Ni and
Pt contents in Ni-N-C-250/Pt are determined to be around 0.46 wt% and 4.54 wt%,
respectively.
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Table 4.1 The Ni and Pt contents of the as-prepared composites measured by inductivelycoupled plasma mass spectroscopy (ICP-MS).
Sample/Elment content (w.t. %)

Ni

Pt

Ni-N-C-50/Pt

0.158%

5.19%

Ni-N-C-150/Pt

0.276%

4.91%

Ni-N-C-250/Pt

0.464%

4.54%

Ni-N-C-500/Pt

1.05%

2.51%

N-doped C/Pt

0

5.50%

Table 4.2 The deduced elementary (C, N, O) composition based on the XPS analysis of NC/Pt and Ni-N-C-x/Pt (x=50, 150, 250, 500).
Sample/Element

C (wt. %)

N (wt. %)

O (wt. %)

N-C/Pt

88.85

3.48

7.66

Ni-N-C-50/Pt

85.20

5.11

9.67

Ni-N-C-150/Pt

85.80

5.70

8.77

Ni-N-C-250/Pt

82.55

5.51

11.93

Ni-N-C-500/Pt

82.10

5.42

12.46

The electronic structures and coordination configurations of C, N, Ni, and Pt in the as-prepared
samples were determined by X-ray photoelectron spectroscopy (XPS), X-ray absorption nearedge structure (XANES), and extended X-ray absorption fine structure (EXAFS) spectroscopy.
In Figure. 4.7a, the binding energy (BE) of Ni 2p3/2 in Ni-N-C-250/Pt (853.6 eV) is higher
than metallic Ni NPs, suggesting that the Ni species are in an oxidized state, probably due to
the formation of chemical bonds between Ni and non-metal elements (e.g., N and O).[158-160]
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Furthermore, the N 1s spectra (Figure. 4.8 and Figure. 4.7b-c), which can be deconvoluted
into pyridinic N (398.2 eV), pyrrolic N (400.5 eV), graphitic N (401.5 eV), oxidized N (403.5),
and Ni-Nx (399.5 eV), indicate the possible formation of Ni-N bonding.[95, 160, 161]
Meanwhile, the Ni-N peak area increases upon the addition of Ni (Table 4.3). Interestingly,
the pyridinic N decreases accordingly, implying Ni is bonded with pyridinic N.[159, 162, 163]

a
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Intensity/ a.u.
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Ni-N-C-250/Pt
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Figure 4.7 X-ray Photoelectron Spectroscopy (XPS) spectrum of N-C/Pt and Ni-N-C-x/Pt
(x=50, 150, 250, and 500). (a) Ni 2p spectra. (b, c) N1s spectra.
Besides, as shown in Figure. 4.8b, the N K-edge spectra present typical features: A for
pyridinic π* transition, B for graphitic π* transition, and C for σ* C-N bonding.[162, 164, 165]
The increased resonance within pyridinic π* transition (399.7 eV) is associated with the
expanded amount of Ni species, which is another evidence for the presence of Ni-N peak.[166-
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168] With regard to C K-edge spectra (Figure. 4.8c), the π* and σ* transitions correspond to
the C=C and C-C bonds, respectively,[164, 169, 170] and no apparent differences can be
observed for different samples, certifying that carbon atoms are not involved in the bond
formation with Ni. The aforementioned analysis confirms the formation of Ni-N bonding and

Figure 4.8 (a) The N 1s XPS spectra of N-C/Pt, Ni-N-C-250/Pt, and Ni-N-C-500/Pt. (b) N Kedge and (c) C K-edge XANES spectra of N-C, N-C/Pt, Ni-N-C-250/Pt, and Ni-N-C-500/Pt.
(d) Ni K-edge XANES spectra and (e) FT of the Ni K-edge EXAFS oscillations of Ni
containing samples with Ni foil and NiO as references. (f) Comparison between the
experimental XANES spectrum (solid line) and the simulated spectra for Ni-N-C-250/Pt. The
inset gives a possibly geometrical refined structure. (g-i) Wavelet transformed plots for the k3weighted EXAFS signals of the Ni K-edge of (g) Ni-N-C-250/Pt, (h) Ni foil, and (i) NiO.
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verifies the successful Ni functionalization on the carbon support. In addition, the Ni-N
bonding also leads to the charge transfer between Ni species and carbon support, which would
induce charge redistribution in the carbon support, thereby affecting the metal-support
interaction and the electronic structure of the anchored metal NPs afterwards.
Figure. 4.8d shows the XANES spectra of the Ni K-edge of the samples, with Ni foil and NiO
as references. According to the pre-edge features (highlighted in a dash line box in Figure.
4.8d), the oxidation states of Ni in Ni-N-C-250, Ni-N-C-250/Pt, Ni-N-C-500/Pt, and Ni-N-C500 follow the descending order and are between NiO and Ni foil, which is in good agreement
with the XPS results. Moreover, the minor decrease of Ni oxidation state in Ni-N-C-250/Pt as
compared with Ni-N-C-250 suggests there might exist electronic interaction between anchored
Pt NPs and Ni-N-C support. The small peak at ~8342 eV is ascribed to the transition from 1s
to 4pz, which is regarded to be the typical square-planar of metal-N4 configuration with high
D4h symmetry.[171-174] The Fourier transformed (FT) EXAFS oscillations in R space give
detailed information on local coordination chemistry as presented in Figure. 4.8e and Figure.
4.9. Both Ni-N-C-250/Pt and Ni-N-C-250 exhibit exclusive peaks located at 1.35 Å (without
phase correction), which can be assigned to the first shell scattering of Ni-N. In addition, based
on the quantitative EXAFS fitting (Table 4.4), the coordination number of Ni in the first shell
is determined to be 3.9 and 3.6 at the bond distance of 1.88 and 1.87 Å for Ni-N-C-250 and NiN-C-250/Pt, respectively, which confirms the formation of Ni-N4 structure. According to the
as-determined Ni-N4 planar structure, the structural refinement via Ni K-edge XANES fitting
is illustrated in Figure. 4.8f, where the calculated spectroscopy matches perfectly with the
experiment data. Moreover, the fitted spectroscopy gives a possible model structure as inset in
Figure. 4.8f, which suggests the formation of interfacial Ni-O-Pt bond between Ni-N-C
support and deposited Pt NPs, again demonstrating the strong interaction at the Pt/Ni-N-C
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heterointerface. Specifically, the out-of-plane O atoms are bonded with Ni in the first
coordination shell accompanied by the four coordinated in-plane N atom, and forming an ONi-N4 structure. Meanwhile, Pt atoms coordinate with the out-of-plane O atoms, eventually
generating the Ni-O-Pt interfacial bonds.[145, 146]. Moreover, the EXAFS wavelet transform
(WT) analysis (Figure. 4.8g-i and Figure. 4.9c) of Ni-N-C-250 and Ni-N-C-250/Pt shows only
one intensity maximum at around 5.0 Å-1, rather than at ~7.9 Å-1 in Ni foil (Ni-Ni interaction)
and ~7.9/6.0 Å-1 in NiO (Ni-Ni/Ni-O bonding), further signifying the Ni-N4 contribution in NiN-C-250 and Ni-N-C-250/Pt. The FT EXAFS fitting results and WT EXAFS analysis of NiN-C-500 and Ni-N-C-500/Pt are depicted in Figure. 4.9. The Ni-Ni bond distance is estimated
to be 2.48 Å for Ni-N-C-500, which is identical with that of the Ni-Ni bond (2.48 Å) for Ni
foil, indicating the existence of metallic Ni NPs in Ni-N-C-500. Interestingly, the Ni-Ni bond
distance (2.90 Å) in Ni-N-C-500/Pt is close to the Ni-Ni bond (2.95 Å) in NiO, revealing partial
oxidation of Ni NPs occurs during deposition of Pt on the carbon support. Considering the Pt
NPs are anchored on the Ni-N-C-500 support via a solution reduction method, the Ni NPs are
very likely to be oxidized in the solution due to their strong oxophilicity.[175]
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Table 4.3 The fitting results of N 1s peak with different configurations of N-C/Pt and Ni-N-Cx/Pt (x=50,150, 250, and 500).
Samples
N-C/Pt

Ni-N-C-50/Pt

Ni-N-C150/Pt

Ni-N-C250/Pt

Ni-N-C500/Pt

N
1s
configurations
Pyridinic N
Pyrrolic N
Graphitic N
Oxidized N
Pyridinic N
Ni-N
Pyrrolic N
Graphitic N
Oxidized N
Pyridinic N
Ni-N
Pyrrolic N
Graphitic N
Oxidized N

Position (eV)

FWHM (eV)

Area

398.2
400.6
401.5
403.5
398.2
399.5
400.5
401.5
403.6
398.2
399.5
400.5
401.5
403.5

2.4
2.4
2.4
2.0
2.1
1.1
1.9
2.3
2.2
2.0
1.5
1.8
2.4
2.3

5993.1
15497.9
2996.2
1156.7
4993.9
604.7
9053.6
4255.8
946.5
4347.3
1999.9
10392.4
6973.2
1195.4

Pyridinic N
Ni-N
Pyrrolic N
Graphitic N
Oxidized N
Pyridinic N
Ni-N
Pyrrolic N
Graphitic N
Oxidized N

398.2
399.5
400.4
401.4
403.4
391.2
399.5
400.5
401.4
403.6

2.1
2.0
1.5
2.1
1.5
1.5
2.2
2.2
2.3
2.0

3508.3
2252.3
3019.3
4953.7
363.0
2700
4604.3
8621.1
7075.9
809.8

Ni-N Ratio

0

3.0%

8.0%

16.0%

19.3%
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Table 4.4 The EXAFS fitting parameters at the Ni K-edge for various samples (Ѕ02=0.859)
Sample

Shell

Na

R(Å)b

σ2(Å2)c

ΔE0(eV)d

Ni foil

Ni-Ni

12

2.48

0.0061

6.4

0.0002

Ni-O

6.0

2.07

0.0085
-2.9

0.0048

Ni-Ni

12.0

2.95

0.0077

Ni-N

3.9

1.88

0.0138

-4.9

0.0001

Ni-N/O

2.2

1.82

0.0112
-8.4

0.0007

-6.0

0.0001

-6.3

0.0011

NiO

Ni-N-C-250

Ni-N-C-500
Ni-Ni

1.9

2.48

0.0056

Ni-N

3.6

1.87

0.0116

Ni-N

3.7

1.87

0.0118

R factor

Ni-N-C250/Pt
Ni-N-C500/Pt
a

Ni-Ni

0.9

2.90

0.0133

N: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors;

d

ΔE0: the inner

potential correction. R factor: goodness of fit. Ѕ02 was set to 0.859 for Ni, according to the
experimental EXAFS fit of Ni foil by fixing CN as the known crystallographic value.
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Figure 4.9 (a) The EXAFS fitting curves of Ni-N-C-250, N-N-C-500, Ni-N-C-250/Pt, and NiN-C-500/Pt, with Ni foil and NiO as references. Wavelet transformed EXAFS signals of (b)
Ni and NiO references, and (c) Ni-N-C-250, N-N-C-500, and Ni-N-C-500/Pt.
The Pt 4f XPS spectra of N-C/Pt, Ni-N-C-250/Pt, and Ni-N-C-500/Pt are illustrated in Figure.
4.10a. The content of oxidized Pt species in N-C/Pt and Ni-N-C-x/Pt (x=50, 150, 250, and 500)
varies with the incorporation of Ni species, suggesting the electronic structure of Pt is
modulated after Ni functionalization, which is probably associated with the interfacial Pt-O-Ni
bond. (Figure. 4.10a, Figure. 4.11, and Table 4.5). Figure. 4.10b presents the normalized Pt
L3-edge XANES spectra, with Pt foil and PtO2 as references. The white line intensities of NC/Pt, Ni-N-C-500/Pt, and Ni-N-C-250/Pt follow the descending order and situate between Pt
foil and PtO2. Notably, the white line intensity is negatively correlated with Pt 5d occupancy,
and the unoccupied 5d states are mainly ascribed to the hybridization between Pt and light
atoms (C/N/O) in the Ni-N-C support.[128, 176] As can be seen from the inset in Figure.
4.10b, Ni-N-C-250/Pt has the minimum white line intensity, suggesting the lowest oxidation
state of Pt in Ni-N-C-250/Pt as compared with Pt in N-C/Pt and Ni-N-C-500/Pt. The FT
EXAFS analysis of N-C/Pt, Ni-N-C-250/Pt, and Ni-N-C-500/Pt are depicted in Figure. 4.10cd. Clearly, the samples present major peaks at 1.99 and 2.63 Å, which can be indexed to the
Pt-O and Pt-Pt contributions, respectively.[177] To further distinguish the subtle differences,
the WT EXAFS analysis, and quantitative fitting results are illustrated in Figure. 4.10e and
Table 4.6, respectively. Specifically, the Pt-O coordination number increases from 1.9 to 2.3,
and declines to 1.9, while Pt-Pt coordination number decreases from 7.8 to 7.3, and slightly
recovers to 7.6 for N-C/Pt, Ni-N-C-250/Pt, and Ni-N-C-500/Pt, respectively, which is in good
agreement with the results derived from the XPS spectra (Figure. 4.12 and Table 4.5). As
shown in Figure. 4.10e, the intensity maxima at 6.2 and 11.8 Å-1 are ascribed to the Pt-O and
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Pt-Pt contributions. Evidently, the Ni-N-C-250/Pt possesses the highest ratio of Pt-O to Pt-Pt
and the highest Pt-O

Figure 4.10 (a) The Pt 4f XPS spectra of N-C/Pt, Ni-N-C-250/Pt, and Ni-N-C-500/Pt. (b) Pt
L3-edge XANES spectra and (c) FT-EXAFS profiles of N-C/Pt, Ni-N-C-250/Pt, and Ni-N-C500/Pt with Pt foil and PtO2 as references. (d) Fitting results of the Pt L3-edge FT-XANES
spectra for N-C/Pt, Ni-N-C-250/Pt, and Ni-N-C-500/Pt. (e) Wavelet transformed plots for the
k3-weighted EXAFS signals of the Pt L3-edge of N-C/Pt, Ni-N-C-250/Pt, Ni-N-C-500/Pt, and
Pt foil.
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Figure 4.11 X-ray Photoelectron Spectroscopy (XPS) Pt 4f spectra of N-C/Pt and Ni-N-C-x/Pt
(x=50, 150, 250, and 500).
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Figure 4.12 The O 1s spectra of N-C/Pt, Ni-N-C-250/Pt, and Ni-N-C-500/Pt.
coordination number, but the lowest oxidation state, which is probably ascribed to the
generated Pt-O-Ni bond. Specifically, in terms of Pt-O-Ni, electrons migration from Pt to O is
suppressed due to the strong electron hybridization between O and Ni. Therefore, fewer 5d
electrons of Pt are involved in the bonding formation (Pt-O-Ni) in contrast to Pt-O bonding.
And, the Pt coordination configuration varies accordingly with Ni functionalization.
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Table 4.5 The fitting results of Pt 4f peak with different configurations of N-C/Pt and Ni-N-Cx/Pt (x=50,150, 250, and 500).
Samples
N-C/Pt

Ni-N-C-50/Pt

Ni-N-C-150/Pt

Ni-N-C-250/Pt

Ni-N-C-500/Pt

Pt
configurations
Pt (0) 4f7/2
Pt (0) 4f5/2
Pt (Ⅱ) 4f7/2
Pt (Ⅱ) 4f5/2
Pt (0) 4f7/2
Pt (0) 4f5/2
Pt (Ⅱ) 4f7/2
Pt (Ⅱ) 4f5/2
Pt (0) 4f7/2
Pt (0) 4f5/2
Pt (Ⅱ) 4f7/2
Pt (Ⅱ) 4f5/2
Pt (0) 4f7/2
Pt (0) 4f5/2
Pt (Ⅱ) 4f7/2
Pt (Ⅱ) 4f5/2
Pt (0) 4f7/2
Pt (0) 4f5/2
Pt (Ⅱ) 4f7/2
Pt (Ⅱ) 4f5/2
Pt (Ⅱ) 4f5/2

Positions
(eV)
71.8
75.0
73.0
76.9
71.9
75.2
73.1
77.2
71.8
75.0
73.0
76.8
71.7
75.0
73.0
76.7
71.8
75.0
72.9
76.6
76.6

FWHM (eV)

Area

Relative Ratio

2.3
2.3
2.2
2.4
2.0
2.4
1.5
2.4
1.8
2.1
1.3
2.5
2.0
2.0
2.4
2.0
2.2
2.5
1.4
2.0
2.0

8176.2
6132.2
1254.8
1592.7
5075.0
3806.3
850.7
1300.7
28530.5
21397.8
5054.6
11361.9
4131.0
3098.3
1636.8
952.6
6070.1
4552.6
732.5
1015.7
1015.7

83.4%
16.6%
80.5%
19.5%
75.3%
24.7%
73.6%
26.4%
85.9%

14.1%
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Table 4.6 EXAFS fitting parameters at the Pt L3-edge for various samples（Ѕ02=0.831）
Sample

Shell

Na

R(Å)b

σ2(Å2)c

ΔE0(eV)d

Pt foil

Pt-Pt

12

2.76

0.0046

6.6

0.0014

Pt-O

6.0

2.02

0.0028

Pt-Pt

11.5

3.11

0.0053

9.8

0.0008

Pt-O

7.4

3.17

0.0028

Pt-O

1.9

2.20

0.0008
3.1

0.0006

Pt-Pt

7.8

2.75

0.0183

Pt-O

2.3

2.21

0.0026
3.1

0.0014

Pt-Pt

7.3

2.76

0.0175

Pt-O

1.9

2.20

0.0010
2.8

0.0003

PtO2

N-C/Pt

Ni-N-C-250/Pt

Ni-N-C-500/Pt
Pt-Pt
a

7.6

2.76

R factor

0.0147

N: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors;

d

ΔE0: the inner

potential correction. R factor: goodness of fit. Ѕ02 was set to 0.831 for Pt, according to the
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Figure 4.13 (a) HER polarization curves of Nitrogen-doped carbon and Ni functionalized
carbon supports in 1 M KOH. (b).The corresponding overpotential values at 10 mA cm-2. (c)
Geometrical LSV curves for N-C, Ni-N-C-250, Ni-N-C-500, N-C/Pt, Ni-N-C-250/Pt, Ni-N-C500/Pt, 20% Pt/C, and the corresponding Tafel plots (d).

Figure 4.14 The HER activity of N-C/Pt, Ni-N-C-x/Pt, and 20% Pt/C in acidic media (a) and
alkaline media (b).
As a proof-of-concept application, the electrocatalytic performance for hydrogen evolution of
Ni-N-C-x/Pt (x = 50, 150, 250, and 500) was evaluated in N2-saturated 1.0 M KOH solution.
As shown in Figure. 4.13, negligible HER current can be observed for N-C, while Ni-N-C-250
and Ni-N-C-500 show slightly improved HER activity with an overpotential of 425 and 400
mV at 10 mA cm-2 (ƞ10=425 and 400 mV), respectively. Upon addition of Pt NPs, the
electrocatalytic activities of N-C/Pt and Ni-N-C-x/Pt are substantially improved. By comparing
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the catalytic performance of N-C/Pt and Ni-N-C-x/Pt in acidic and alkaline media (Figure.
4.14), it is apparent that the incorporation of Ni single atoms greatly promotes the alkaline HER
kinetics. Considering the water dissociation step is regarded as the rate-determining step for
Pt-based electrocatalysts in alkaline media, it is reasonable to conclude that the Ni species (NiN4 moieties) are capable of cleaving H-OH to promote the Volmer step.[46] The LSV curves
of Pt-containing samples are normalized by the electrochemical surface area (ECSA) and Pt
mass to compare the specific activity and mass activity, respectively, as presented in Figure.
4.15a-4.15d and Figure. 4.16-4.18. As shown in Figure. 4.15a, the specific activity of Ni-NC-x/Pt increases with increasing the amount of Ni single atoms, and far exceeds that of the NC/Pt, demonstrating the Pt/Ni-N-C heterostructure could remarkably enhance the alkaline HER
kinetics. Interestingly, the specific activity decreases when Ni reaches 1.05 wt% in the form of

Figure 4.15 (a) ECSA-normalized HER polarization curves, (b) Tafel plots, (c) specific
activities, and (d) mass activity of N-C/Pt, Ni-N-C/Pt, and 20% Pt/C in 1 M KOH. (e)
Polarization curves of Ni-N-C-250/Pt and 20% Pt/C captured before and after 1000 CV cycles
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in 1M KOH. (f) Illustration of the enhanced HER activity by the promoted water dissociation
step and Had recombination process.
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Figure 4.16 Mass activities values of N-C/Pt, Ni-N-C-x/Pt (x=50, 150, 250, 500), and 20%
Pt/C at the overpotential of 100, 200 mV.
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Figure 4.17 (a-f) Cyclic voltammetry curves of N-C/Pt, Ni-N-C-x/Pt (x=50, 150, 250, and 500),
and 20% Pt/C in N2-saturated 0.1 M KOH with a scan rate of 50 mV s-1. The calculated
electrochemically active surface area (ECSA) values were labeled on each graph.
Ni NPs (Ni-N-C-500/Pt). The ECSA normalized current density of Ni-N-C-250/Pt reaches
10.22 mA cm-2 at the overpotential of 100 mV, which is a more than 4 times enhancement in
contrast to N-C/Pt (1.88 mA cm-2) and 2 times higher than Ni-N-C-500/Pt (4.39 mA cm-2).
Furthermore, the derived Tafel plots follow the order: Ni-N-C-250/Pt < Ni-N-C-150/Pt < NiN-C-500/Pt < Ni-N-C-50/Pt < N-C/Pt < 20% Pt/C (Figure. 4.15b), suggesting the fast reaction
kinetics of Ni-N-C/Pt than N-C/Pt and 20% Pt/C. As shown in Figure. 4.15d and Figure. 4.16,
the mass activity is increased from 0.31 A mgPt-1 for N-C/Pt, 0.74 A mgPt-1 for 20% Pt/C, 0.75
A mgPt-1 for Ni-N-C-500/Pt, to 1.49 A mgPt-1 for Ni-N-C-250/Pt at an overpotential of 100 mV,
and the current disparity is more significant when the overpotential is further increased to 200
mV.
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20% Pt/C at the overpotential of 100 and 200 mV, respectively.
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Figure 4.19 EIS plots of N-C, Ni-N-C-250, Ni-N-C-500, N-C/Pt, Ni-N-C-250/Pt, Ni-N-C500/Pt, and 20% Pt/C at the overpotential of 100 mV.
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Figure 4.20 (a) Cyclic voltammograms of N-C/Pt, Ni-N-C-250/Pt, Ni-N-C-500/Pt, and 20%
Pt/C in N2-saturated 0.1 M KOH at a scan rate of 50 mV s-1. (b) The HUPD deposition peak
potential derived from CV in (a).
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Figure 4.21 (a, b) TEM images of Ni-N-C-250/Pt after 10 h Chronoamperometric (CP) test.

The mass activity of Ni-N-C-250/Pt is rather competitive compared with the reported noble
metal-based electrocatalysts for alkaline HER (Table 4.7). Ni species have the unique
capability of cleaving water molecules, and have been extensively investigated as the cocatalysts for the development of highly efficient alkaline HER electrocatalysts.[178-182] In the
case of Ni-N-C-x/Pt, there is no doubt that Ni species particularly the isolated Ni SAs also play
a critical role in promoting water dissociation kinetics and the higher content of Ni single atoms
ensures a faster H-OH cleaving process.
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Table 4.7 Summary of the recent reported PGM-based electrocatalysts for alkaline HER.
Materials

Ni-N-C-250/Pt
Ni-MOF@Pt
Pt-NC/NiMOF
1.5 Pt@Ni3N360
Bped-Pt/GR
Pt/NiO@Ni/NF
Ru@Co/NCNTs-2
RuCoP
Ru@CoSAs/N-C
Ru@MWCNT
Ru-Mo2N
Ir@N-G-750
Co@Ir/NC10%

Noble metal Electrolyte
loading on the
working
electrode (µg
cm-2)
9.23
1M KOH

Geometrical
overpotential
(x mV @10
mA cm-2)
83.5

Noble metal mass Reference
normalized
current
density
at
overpotential
( x mV/ y A mg-1)
50 mV/0.51 A mg-1
This work
100 mV/1.49 A mg-1
100 mV/0.241 A mg-1
[145]
70 mV/7.92 A mg-1
[146]

40
N/A

1M KOH
1M KOH

102
25

N/A

0.1M KOH

71

N/A

[183]

14.28
92

1M KOH
1M KOH

21
34

70 mV/2.78 A mg-1
50 mV/0.53 A mg-1

[184]
[185]

N/A

1M KOH

48

50 mV/0.07 A mg-1

[186]

N/A
13.8

1M KOH
1M KOH

23
7

100 mV/0.77 A mg-1
N/A

[187]
[188]

N/A
41
N/A
15.06

1M KOH
1M KOH
1M KOH
1M KOH

17
16
43
121

20 mV/0.186 A mg-1
N/A
68 mV/~1.6 A mg-1
N/A

[155]
[189]
[190]
[191]

On the other hand, the much higher mass activity and specific activity of Ni-N-C-250/Pt than
those of Ni-N-C-500/Pt prompt us to further examine the different roles of Ni SAs and Ni NPs
in the alkaline HER process. Ni-N4 moieties are known to have weak adsorption with Had due
to its high Gibbs free energy while Ni metal has a rather strong ability for Had adsorption.[31,
95] In this electrocatalysts system, the water adsorption dissociation prefers to occurring on Ni
species and oxidized Pt species, and the following Had recombination happens on metallic Pt
sites. The strong Had adsorption in Ni-N-C-500/Pt system would hinder Had transfer and
accordingly slow the Tafel or Heyrovsky step. In terms of Ni-N-C-250/Pt, the weak Had
adsorption on Ni-N4 moieties is beneficial for the hydrogen spillover to Pt sites, which would
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contribute to the immediate recombination of Had. Besides, the exposure of active Ni species
would be substantially prevented in the case of Ni-N-C-500/Pt, and this is also one of the
possible reasons for the deficient activity. The boosted reaction kinetics for Ni-N-C-250/Pt is
also evidenced by its smaller charge-transfer resistance determined from the electrochemical
impedance spectroscopy (EIS) (Figure. 4.19). From the cyclic voltammetry (CV) curves in
Figure. 4.20, the Hupd peak of Ni-N-C-250/Pt negatively shifts ~12 mV compared with N-C/Pt,
suggesting weakened hydrogen bonding.[37, 192] Pt-based materials possess stronger HBE in
the base, and the decrease in HBE for Ni-N-C-250/Pt would facilitate the desorption of H2,
which also contributes to the fast HER kinetics. Figure. 4.15e compares the LSV polarization
curves of Ni-N-C-250/Pt and 20% Pt/C before and after continuous CV cycling. After 1000
cycles, negligible degradation can be found for Ni-N-C-250/Pt, but a significant negative shift
of 62 mV can be observed for 20% Pt/C at the current density of 100 mA cm-2, suggesting the
decent durability of Ni-N-C-250/Pt, which is in great part due to the strong metal-support
interaction. Further, the TEM images of Ni-N-C-250/Pt after durability evaluation further
validate the good structural stability (Figure. 4.21). Based on the aforementioned analysis, the
Ni-N4 species coupled with the unique Pt/PtOx configuration in the Pt/Ni-N-C heterostructure
contribute synergistically to the fast reaction kinetics of alkaline HER. As shown in Figure.
4.15f, Ni-N4 acts as a co-catalyst in the alkaline HER process and contributes significantly to
cleave the H-OH bond, which would in turn help release the active sites on metallic Pt species.
Meanwhile, the oxidized Pt species also possess the great capability to adsorb water and
dissociate O-H bonds, which has been verified experimentally and theoretically.[147, 193, 194]
Finally, Had spills over from Ni-N4 or Pt-O moieties to metallic Pt sites to generate H2. The Ni
single atom decorated N-doped carbon nanosheets are also demonstrated to be alternative
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functional supports for Ir and Pd NPs toward alkaline HER (Figure. 4.22-S4.26 and Table
4.8).
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Figure 4.22 XRD patterns of (a) N-C/Ir and Ni-N-C-250/Ir; (b) N-C/Pd and Ni-N-C-250/Pd.

Figure 4.23 TEM images of (a, b) N-C/Ir and (c, d) Ni-N-C-250/Ir.
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Figure 4.24 TEM images of (a, b) N-C/Pd and (c, d) Ni-N-C-250/Pd.
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Figure 4.25 (a) HER polarization curves, (b) Tafel plots, and (c) EIS plots of N-C/Ir and NiN-C-250/Ir tested in 1 M KOH. (d) HER polarization curves, (e) Tafel plots, and (f) EIS plots
of N-C/Pd and Ni-N-C-250/Pd tested in 1 M KOH.
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Table 4.8 The metal contents of the as-prepared composites measured by inductively-coupled
plasma mass spectroscopy (ICP-MS).
Sample/Elment content (w.t. %)
Ni-N-C-250/Ir
N-C/Ir
Ni-N-C-250/Pd
N-C/Pd

Ni

Ir

0.458%

4.66%

0

5.74%

0.501%

5.54%

0

5.90%

4.4 Conclusion
In summary, a transition metal functionalization strategy was successfully demonstrated
toward the synthesis of multifunctional carbon nanosheets as the electrocatalyst supports for
alkaline HER. In the case of functionalization with Ni single atoms, the Ni-N4 species promote
the H-OH bond cleaving and facilitate Had spillover to metallic Pt sites to generate H2. When
Pt NPs are deposited on the carbon support, the Pt coordination configuration varies with the
Ni species via different metal-support interactions. The Ni-N4, oxidized Pt, and metallic Pt
species would trigger a synergistic effect in achieving the optimal adsorption of intermediates,
and eventually induce fast alkaline HER kinetics. The present results open a new avenue for
the development of multifunctional catalyst supports toward the rational design of advanced
electrocatalysts.
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Chapter 5 Toward Enhanced Alkaline Hydrogen
Electrocatalysis

with

Transition

Metal-

Functionalized Carbon Catalyst Supports
5.1 Introduction
Anion-exchange membrane fuel cells (AEMFCs) and anion-exchange membrane water
electrolyzers (AEMWEs) are advanced techniques for the efficient use of renewable hydrogen
energy and the mitigation of environmental pollution and energy crisis.[17, 19, 21, 133, 135,
195] A major challenge is to develop superior electrocatalysts to accelerate the sluggish
kinetics of hydrogen evolution reaction (HER) and hydrogen oxidation reaction (HOR) in
alkaline media.[124, 147, 196, 197] Loading active species on conductive catalyst supports
with large surface area is a common and effective strategy for designing advanced
electrocatalysts, and the metal-support interaction at the heterointerface has long been a hot
research topic.[124, 136, 155, 190, 198-200] Most studies focus on regulating the active sites
and the metal-support interactions;[117, 155, 201-203] however, studies targeting on tuning
the supports, which are not adequate, are also important. For example, 2D carbon-based
materials have been extensively employed as electrocatalyst supports for a wide range of
reactions owing to their high electrical conductivity and excellent mechanical properties, but
they do not participate in the electrocatalytic reactions directly since the sp2 hybridized carbon
nanosheets are inert in catalysis.[58, 79, 204] Therefore, activating the carbon support would
provide more possibilities in electrocatalysis, especially for those involving multiple
intermediates including the HOR and the HER in alkaline environment.
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Recently, we demonstrated that incorporating Ni single atoms (SAs) in nitrogen-doped carbon
(N-C)

would

endow

the

Ni-modified

N-C

(Ni-N-C)

nanosheets

with

water

adsorption/dissociation capability, making them as multifunctional supports for Pt toward the
alkaline HER.[205] However, some key questions remain open—is this method universal to
construct other transition metal-functionalized carbon nanosheets? Are these multifunctional
supports useful for other reactions? To explore the general applicability of such M-N-C
multifunctional supports, we constructed a series of transition metal-functionalized carbon
nanosheets (M-N-C, M = Mn, Fe, Co, Ni, and Cu), where Mn, Fe, Co, Ni, and Cu SAs are
individually dispersed in M-N-C nanosheets with typical M-N4 configurations. The obtained
M-N-C nanosheets are used as catalyst supports for Pt nanoparticles (NPs) toward the HOR
and the HER, and M-N-C nanosheets, except for Cu-N-C, exhibit a universal promotion effect
on the HER and HOR activity of Pt. We further uncover that the promotion effect is closely
associated with the electronegativity of the metal dopants and the relative filling degree of their
d orbitals. With smaller electronegativity, the metal dopant would provide more electrons to
oxygen and hence tune the electronic structure of Pt via the M-O-Pt bonds. Also, metal dopants
with more empty d orbitals would hybridize with O 2p orbitals more strongly and strengthen
the interaction between M-N-C and water/hydroxyl species, leading to the enhanced kinetics
of the Volmer step of the HOR and the HER. Therefore, in addition to ensuring the structural
uniformity and improving the electrical conductivity, these M-N-C nanosheets also provide
additional adsorption sites for water/hydroxyl species, serving as multifunctional supports for
active species toward the alkaline HOR and HER. Our results further highlight the significance
of support engineering and inspire the future development of advanced electrocatalysts.
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5.2 Experimental Section
2.1 Materials Synthesis
The N-C and Ni-N-C nanosheets were prepared by a one-step pyrolysis method, which can be
referred to from our previous work.[205] Mn-N-C, Fe-N-C, Co-N-C, and Cu-N-C nanosheets
were obtained by changing the type of transition metal precursors. Then Pt NPs are anchored
on the surface of M-N-C via an impregnation approach, and the obtained catalysts are denoted
as M-N-C/Pt (M = Mn, Fe, Co, Ni, and Cu). In a typical synthesis procedure, 30 mg M-N-C
powders were dispersed in 50% ethanol aqueous solution together with 153 µL of 0.1 M
H2PtCl6 solution and then were treated with ultrasonication for 3 hours. The obtained
homogeneous suspensions were freeze-dried and then calcined at 300 ℃ for 2 hours under an
Ar atmosphere. N-C nanosheets-supported Pt NPs (N-C/Pt) are also synthesized for
comparison.
2.2 Structure characterizations
The crystal structure and morphology of the as-prepared samples were determined by X-ray
powder diffraction (XRD, PANalytical Empyrean XRD ) using Cu Kα radiation (λ = 0.15406
nm), transmission electron microscope (TEM, JEOL JEM-2010), and high angle annular
darkfield scanning transmission electron microscopy (HAADF-STEM, JEM-ARM 200F). Xray photoelectron spectroscopy (XPS) was performed by a Nexsa X-Ray Photoelectron
Spectrometer (ThermoFisher, Al Kα X-rays). The metal contents were determined by
inductively coupled plasma mass spectroscopy (ICP-MS, Agilent 720ES).
X-ray absorption fine structure (XAFS) spectra at C K-edge and N K-edge were performed at
soft X-ray beamline at the Australian Synchrotron, part of the Australian Nuclear Science and
Technology Organisation (ANSTO). XAFS spectra at Mn K-edge, Co K-edge, Cu K-edge, and
Pt-L3 edge were acquired at beamline BL14W1 at the Shanghai Synchrotron Radiation Facility
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(SSRF). The data were processed by using Demeter software and then further deconvolved by
the wavelet transform (WT) method using the Igor Pro script by Funke et al.[132, 206]
2.3 Electrochemical measurements
All electrochemical tests were conducted with a typical three-electrode system, and the
obtained data were recorded using a VSP-300 electrochemical workstation (BioLogic Science
Instrument, France). To prepare the working electrode, 4.0 mg of catalysts were firstly
dispersed in a mixed solution (32 μL of 5% Nafion solution, 768 μL of deionized water, and
200 μL of isopropanol) and then were treated with ultrasonication to form a homogeneous
suspension. After that, 10 μL of the obtained catalyst ink dropped on a glassy carbon electrode
(RDE, Pine Research Instrumentation, US) with a catalyst loading of 0.2 mg cm–2. For the
HOR, a Pt wire and an Ag/AgCl electrode were employed as the counter electrode and the
reference electrode, respectively. For the HER, a graphite rod electrode and a Hg/HgO
electrode were employed as the counter electrode and the reference electrode, respectively. The
reported potentials were calibrated to a reversible hydrogen electrode (RHE). Linear sweep
voltammetry (LSV) curves for the HER and the HOR were collected at a scan rate of 10.0 mV
s–1 on RDE with continuous rotation (1600 rpm) in N2-saturated 1.0 M KOH and H2-saturated
0.1 M KOH aqueous solutions, respectively. Electrochemical impedance spectroscopy (EIS)
plots were measured to obtain the series resistance, and the reported potentials are corrected
with 95% iR compensation. The electrochemical active surface area (ECSA) of Pt was
evaluated by the hydrogen underpotential deposition (HUPD) method.[157]
The kinetics current (jk) of HOR was calculated based on the Koutecky-Levich equation:[207,
208]
1/j = 1/jd + 1/jk
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where j is the measured current, and jd is the diffusion current that can be calculated using the
Nernstian diffusion overpotential equation:
jd = jl * (1 – exp(–2Fƞ/RT))
where jl is the diffusion-limiting current, F is the Faraday constant, R is the universal gas
constant (8.314 J mol–1 K–1), T is the temperature (293 K), and ƞ is the overpotential.
The exchange current density (j0) was obtained by fitting jk with the Butler-Volmer equation
jk = j0 * [exp(αFƞ/RT) – exp((α–1)Fƞ/RT)]
where α is the charge transfer coefficient.
2.4 DFT Calculations
Spin polarized DFT calculations were carried out using the CASTEP code.[209] All-electron
calculations were employed using the generalized gradient approximation (GGA) and the
Perdew, Bueke, and Ernzerhof (PBE) functional.[210] The ultrasoft pseudopotentials were
used, which are fairly efficient than the norm-conserving pseudopotentials. The plane-wave
cutoff energy was 450 eV and the Grimme method for DFT-D3 was used to account for van
der Waals (vdW) interactions. The minimum energies for all structures were obtained until
energy became less than 2 × 10–5 eV/atom. The vacuum gap between periodic images was set
to 15 Å to avoid interaction. The Brillouin zone was sampled with a 2 × 2 × 1 Gamma centered
special k points grid for geometry optimization.

5.3 Results and Discussion
X-ray diffraction (XRD) patterns of M-N-C (M = Mn, Fe, Co, Ni, and Cu) supports are
displayed in Figure 5.1. Two broad peaks can be ascribed to the (002) and (101) planes of
graphitic carbon and no discernable peaks for metals can be found. Transmission electron
microscopy (TEM) images in Figure 5.2 show the nanosheets morphology of nitrogen-doped
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carbon (N-C). As displayed in the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images of M-N-C nanosheets (Figure 5.3a-c and
Figure 5.4-5.5), the homogeneously dispersed bright dots suggest the successful incorporation
of metal SAs. Pt NPs are deposited on the surface of different M-N-C supports following
identical procedures, and the contents of Pt and metal dopants in M-N-C/Pt electrocatalysts are
evaluated by inductively coupled plasma mass spectroscopy (ICP-MS, Table 5.1). XRD
patterns of M-N-C/Pt are shown in Figure 5.6, and the similar XRD profiles of Pt NPs suggest
that Pt NPs possess similar bulk structures in M-N-C/Pt. TEM images of N-C/Pt (Figure 5.7)
and M-N-C/Pt (Figure 5.8) show that Pt NPs are dispersed evenly on the support, and the size
of Pt NPs is in the range of 2.5-3.5 nm (Figure 5.9). The STEM-HAADF images of Mn-NC/Pt in Figure 5.3d-e verify the co-existence of Mn SAs and Pt NPs, while the corresponding
energy-dispersive X-ray spectroscopy (EDS) mapping images (Figure 5.3f) show the uniform
distribution of Mn, N, O, and Pt over the whole nanosheets, further verifying the structural
uniformity of Mn-N-C/Pt.
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Cu-N-C
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Figure 5.1 XRD patterns of N-C and M-N-C nanosheets (M = Mn, Fe, Co, Ni, and Cu).
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a

b

Figure 5.2 TEM images of N-C nanosheets.

Figure 5.3 HAADF-STEM images of (a) Mn-N-C, (b) Co-N-C, and (c) Cu-N-C nanosheets.
(d, e) HAADF-STEM images and (f) the EDS elemental mapping images of Mn-N-C/Pt.

86

Chapter 5 Toward Enhanced Alkaline Hydrogen Electrocatalysis with Transition MetalFunctionalized Carbon Catalyst Supports

a

b

c

d

e

f

Figure 5.4 HAADF-STEM images of (a-b) Mn-N-C, (c-d) Co-N-C, and (e-f) Cu-N-C
nanosheets.
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a

b

c

d

Figure 5.5 HAADF-STEM images of (a-b) Fe-N-C and (c-d) Ni-N-C nanosheets.
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Figure 5.6 XRD patterns of N-C/Pt, M-N-C/Pt, and 20% Pt/C.
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a

b

Figure 5.7 TEM images of N-C/Pt.

a

b

c

d

e

Figure 5.8 TEM images of (a) Mn-N-C/Pt, (b) Fe-N-C/Pt, (c) Co-N-C/Pt, (d) Ni-N-C/Pt, and
(e) Cu-N-C/Pt.
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Figure 5.9 Particle size distribution of (a) N-C/Pt (b) Mn-N-C/Pt, (c) Fe-N-C/Pt, (d) Co-NC/Pt, (e) Ni-N-C/Pt, and (f) Cu-N-C/Pt electrocatalysts. The average sizes are calculated by
counting at least 200 individual particles through TEM images.
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Table 5.1 The transition metal and Pt contents of the as-prepared composites measured by
inductively-coupled plasma mass spectroscopy (ICP-MS).
Sample/Elment content (w.t. %)

Transition metals

Pt

N-C/Pt

0

10.8%

Mn-N-C/Pt

0.41%

9.1%

Fe-N-C/Pt

0.98%

10.3%

Co-N-C/Pt

0.65%

9.7%

Ni-N-C/Pt

0.48%

9.5%

Cu-N-C/Pt

0.56%

9.7%

X-ray absorption fine structure (XAFS) and X-ray photoelectron spectroscopy (XPS) are
employed to explore the electronic structure and the coordination environment of the samples.
X-ray absorption near-edge structure (XANES) spectra at Mn K-edge of Mn-N-C/Pt are shown
in Figure 5.10a. The absorption edge of Mn-N-C/Pt is situated between those of Mn foil and
Mn2O3, demonstrating the partially oxidized nature of Mn, while Co and Cu also show similar
valence states (Figure 5.10b-c). Meanwhile, the enhanced pre-edge features for M-N-C/Pt can
be ascribed to the transition from 1s to 4pz, which is derived from the square-planar metal-N
configuration with D4h symmetry.[164, 171, 211] Moreover, as shown in the Mn 2p XPS
spectra (Figure 5.11), the binding energies (BEs) of Mn 2p3/2 and Mn 2p1/2 are ~641.5 eV and
~653.2 eV, respectively, in accordance with the typical BEs of Mn2+. Similarly, the BEs of Fe,
Co, and Ni in Fe-N-C/Pt, Co-N-C/Pt, and Ni-N-C/Pt match those of Fe2+, Co2+, and Ni2+,
respectively,[212, 213] while the co-existence of Cu+ and Cu2+ can be determined for Cu-NC/Pt.[160, 214] The XANES spectra were also obtained at C K-edge and N K-edge. In Figure
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5.10d, no detectable differences can be observed between the C K-edge XANES spectra of NC/Pt and M-N-C/Pt, excluding the chemical bonding between metal and carbon. As for the N
K-edge XANES spectra (Figure 5.10e), three typical resonances (peak a, b, and c) located at
398.1, 401.0, and 407.2 eV can be ascribed to the pyridinic π* transition, graphitic π* transition,
and σ* C-N bonding, respectively. The feature at ~399.5 eV is increased for M-N-C/Pt as
compared to N-C/Pt, suggesting that the metal atoms are bonded with pyridinic N atoms in the
carbon support.[164, 165] The high-resolution N 1s spectra (Figure 5.10f, Figure 5.12, and
Table 5.2) further validate the presence of M-N bonding (399.5 eV), pyridinic N (398.2 eV),
pyrrolic N (400.5 eV), graphitic N (401.5 eV), and oxidized N (403.5 eV). Moreover, the
Fourier-transformed (FT) extended X-ray absorption fine structure (EXAFS) spectra of M-NC/Pt at Mn K-edge, Co K-edge, and Cu K-edge together with the fitting results are shown in
Figure 5.10g-i. The prominent peak locates between 1 and 2 Å demonstrates the nitrogen
coordination around the metal centres, which is further validated by the location of the intensity
maxima in the corresponding wavelet transform (WT) contour plots (Figure 5.13).[164, 215217] The fitting results suggest that the metal atoms are coordinated with nitrogen with the
typical M-N4 configuration in the carbon matrix (Table 5.3).
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Figure 5.10 XANES spectra of the samples at (a) Mn K-edge, (b) Co K-edge, (c) Cu K-edge,
(d) C K-edge, and (e) N K-edge. (f) N1s XPS spectra of the samples. FT-EXAFS spectra and
the corresponding fitting results of the samples at (g) Mn K-edge, (h) Co K-edge, and (i) Cu
K-edge.
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Figure 5.11 High-resolution XPS spectra of (a) Mn 2p of Mn-N-C/Pt, (b) Fe 2p of Fe-N-C/Pt,
(c) Co 2p of Co-N-C/Pt, (d) Ni 2p of Ni-N-C/Pt, and (e) Cu 2p of Cu-N-C/Pt.

Figure 5.12 High-resolution N1s XPS spectra of (a) Fe-N-C/Pt and (b) Ni-N-C/Pt.
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Figure 5.13 WT-EXAFS signals of the Mn K-edge of (a) Mn-N-C/Pt, (b) Mn foil, and (c)
Mn2O3 references. Co K-edge of (d) Co-N-C/Pt, (e) Co foil, and (f) Co2O3 references. Cu Kedge of (g) Cu-N-C/Pt, (h) Cu foil, and (i) CuO.

95

Chapter 5 Toward Enhanced Alkaline Hydrogen Electrocatalysis with Transition MetalFunctionalized Carbon Catalyst Supports
Table 5.2 The fitting results of N 1s peak with different configurations of N-C/Pt and metalN-C/Pt (metal = Mn, Fe, Co, Ni, and Cu).
Samples
N-C/Pt

Mn-N-C/Pt

Fe-N-C/Pt

Co-N-C/Pt

Ni-N-C/Pt

Cu-N-C/Pt

N
configurations
Pyridinic N
Pyrrolic N
Graphitic N
Oxidized N
Pyridinic N
Mn-N
Pyrrolic N
Graphitic N
Oxidized N
Pyridinic N
Fe-N
Pyrrolic N
Graphitic N
Oxidized N
Pyridinic N
Co-N
Pyrrolic N
Graphitic N
Oxidized N
Pyridinic N
Ni-N
Pyrrolic N
Graphitic N
Oxidized N
Pyridinic N
Cu-N
Pyrrolic N
Graphitic N
Oxidized N

Positions
(eV)
398.4
401.0
401.6
404.0
398.2
399.5
400.6
401.5
403.5
398.2
399.5
400.8
401.6
403.5
398.3
399.5
400.5
401.5
403.5
398.3
399.5
400.6
401.5
403.5
398.3
399.5
400.6
401.5
403.5

FWHM (eV)

Area

1.65
1.84
1.61
2.1
1.52
1.5
1.42
1.93
2.0
1.49
1.6
1.21
1.44
2.25
1.61
1.94
1.94
2.4
2.0
1.66
1.7
1.63
1.73
2.0
1.69
1.5
1.48
1.78
2.5

747188.7
2019315
424016.4
435896.6
401590.6
305148
665259.5
332351.2
163594.2
312828.1
197751.5
614767.6
296434.5
170118.1
349869.2
132849.1
447877.5
218334.2
135836.2
437543.7
255726.2
760943.8
265290.4
121119.9
523858.6
230408.9
573891.8
358263.6
203483.9

Relative Ratio
of M-N (%)
20.6
55.7
11.7
12.0
21.5
16.3
35.6
17.8
8.7
19.6
12.4
38.6
18.6
10.7
27.2
10.3
34.9
17.0
10.6
23.8
13.9
41.3
14.4
6.6
27.7
12.2
30.3
18.9
10.7

Table 5.3 The EXAFS fitting parameters at the Ni K-edge for various samples (Ѕ02=0.859)
Sample

Shell

Na

R(Å)b

σ2(Å2)c

ΔE0(eV)d

R factor

Mn-N-C/Pt

Mn-N

4.36

2.16

0.0109

9.70

0.0198

Co-N-C/Pt

Co-N

3.89

1.90

0.0098

-9.55

0.0090

Cu-N-C/Pt

Cu-N

3.89

1.93

0.0094

4.06

0.0024
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a

N: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors;

d

ΔE0: the inner

potential correction. R factor: goodness of fit. Ѕ02 was set to 0.813, 0.794, and 0.853 for Mn,
Co, and Cu, respectively, according to the experimental EXAFS fit of metal foil by fixing CN
as the known crystallographic value.

Figure 5.14 (a) XANES and (b) EXAFS spectra of the samples at Pt L3-edge. (c) EXAFS
spectra of M-N-C/Pt at Pt L3-edge and the corresponding fitting results. WT for the k3-weighted
EXAFS signals of the Pt L3-edge of (d) Mn-N-C/Pt, (e) Pt foil, and (f) PtO2. (g) Pt 4f XPS
spectra of the samples. (h) BEs of PtⅡ 4f7/2 species in the samples. (i) Illustration of Pt NP on
Mn-N-C.
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Figure 5.15 WT-EXAFS signals of the Pt L3-edge of (a) Co-N-C/Pt, (b) Cu-N-C/Pt, (c) PtO2,
and (d) Pt foil.
Figure 5.14a shows the Pt L3-edge XANES spectra of M-N-C/Pt electrocatalysts. The Pt
white-line intensity decreases in the following sequence: Co-N-C/Pt > Cu-N-C/Pt > Mn-NC/Pt, indicating the higher d-electron density of Pt in Mn-N-C/Pt.[128, 145] The Pt L3-edge
FT-EXAFS spectra are displayed in Figure 5.14b-c, and the corresponding fitting results are
listed in Table 5.4. Specifically, Co-N-C/Pt, Cu-N-C/Pt, and Mn-N-C/Pt exhibit two major
peaks, corresponding to Pt-O and Pt-Pt coordination, which is further evidenced by the
intensity maxima in the wavelet transform (WT) contour plots in Figure 5.14d-f and Figure
5.15.[176, 205] The fitted Pt-O/Pt-Pt coordination numbers for Co-N-C/Pt, Cu-N-C/Pt, and
Mn-N-C/Pt are 1.76/7.64, 1.58/6.86, and 1.91/8.81, respectively. Interestingly, Pt NPs possess
a similar coordination environment in Co-N-C/Pt, Cu-N-C/Pt, and Mn-N-C/Pt considering the
similar coordination number ratio of Pt-Pt to Pt-O, although there are slight differences in the
detailed coordination numbers. These results indicate that the M-N-C supports modulate the
electronic structure of Pt primarily via the electronic interaction between Pt NPs and M-N-C
nanosheets instead of tuning the atom coordination environment. Further, the high-resolution
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Pt 4f XPS spectra are obtained to show the chemical states of Pt (Figure 5.14g and Figure
5.16-17). The quantitive fitting results indicate all the M-N-C/Pt possess a similar amount of
metallic Pt(0) and oxidized Pt(Ⅱ) species (Tab), while the BEs of Pt 4f vary with the type of
metal dopant in M-N-C supports. As shown in Figure 5.14h, the BEs of Pt(Ⅱ) 4f7/2 are
decreased about 0.1-0.35 eV after incorporating metal dopants in N-C supports, again
suggesting the increased electron density around Pt. As demonstrated in our previous
work,[205] Pt/PtOx configurations are formed via M-O-Pt interfacial bonds between Pt NPs
and M-N-C nanosheets (Figure 5.14i). In this way, the electron density of Pt can be tuned since
the hybridization between M 3d and O 2p would affect the electron distribution between O and
Pt via the M-O-Pt bond.[218] Generally, the hybridization degree between M 3d and O 2p is
affected by the electronegativity,[219, 220] and Mn 3d-O 2p hybridization is probably the
strongest among the investigated metal dopants (Mn, Fe, Co, Ni, and Cu) due to the smallest
electronegativity of Mn, which would result in the weakest interaction between Pt and O in
Mn-O-Pt.
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Figure 5.16 High-resolution XPS spectra of (a) N 1s and (b) Pt 4f of N-C/Pt.
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Table 5.4 EXAFS fitting parameters at the Pt L3-edge for various samples (Ѕ02=0.831)
Sample

Shell

Na

R(Å)b

σ2(Å2)c

ΔE0(eV)d

R factor

Pt foil

Pt-Pt

12

2.76

0.0046

6.6

0.0014

Pt-O

6

2.02

0.0028

Pt-Pt

11.5

3.11

0.0053

9.8

0.0008

Pt-O

7.4

3.17

0.0028

Pt-O

1.91

1.94

0.0093
6.37

0.0015

Pt-Pt

8.81

2.75

0.0060

Pt-O

1.76

1.94

0.0091

6.78

0.0073

Pt-Pt

7.64

2.76

0.0080

Pt-O

1.58

1.94

0.0089
6.16

0.0081

Pt-Pt

6.86

2.75

0.0074

PtO2

Mn-N-C/Pt

Co-N-C/Pt

Cu-N-C/Pt
a

N: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors;

d

ΔE0: the inner

potential correction. R factor: goodness of fit. Ѕ02 was set to 0.831 for Pt, according to the
experimental EXAFS fit of Pt foil by fixing CN as the known crystallographic value.
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Figure 5.17 High-resolution XPS spectra of (a) Pt 4f of Fe-N-C/Pt and (b) Pt 4f of Ni-N-C/Pt.
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Table 5.5 The fitting results of Pt 4f peak with different configurations of N-C/Pt and metalN-C/Pt (metal = Mn, Fe, Co, Ni, and Cu).
Samples
N-C/Pt

Mn-N-C/Pt

Fe-N-C/Pt

Co-N-C/Pt

Ni-N-C/Pt

Cu-N-C/Pt

Pt
configurations
Pt (0) 4f7/2
Pt (0) 4f5/2
Pt (Ⅱ) 4f7/2
Pt (Ⅱ) 4f5/2
Pt (0) 4f7/2
Pt (0) 4f5/2
Pt (Ⅱ) 4f7/2
Pt (Ⅱ) 4f5/2
Pt (0) 4f7/2
Pt (0) 4f5/2
Pt (Ⅱ) 4f7/2
Pt (Ⅱ) 4f5/2
Pt (0) 4f7/2
Pt (0) 4f5/2
Pt (Ⅱ) 4f7/2
Pt (Ⅱ) 4f5/2
Pt (0) 4f7/2
Pt (0) 4f5/2
Pt (Ⅱ) 4f7/2
Pt (Ⅱ) 4f5/2
Pt (0) 4f7/2
Pt (0) 4f5/2
Pt (Ⅱ) 4f7/2
Pt (Ⅱ) 4f5/2

Positions
(eV)
71.85
75.13
73.20
76.51
71.58
74.79
72.75
76.30
71.60
74.80
72.90
76.31
71.58
74.90
72.73
76.26
71.58
74.90
72.86
76.23
71.72
74.95
72.96
76.36

FWHM (eV)

Area

1.9
1.8
2.3
2.4
1.9
2.0
1.5
2.5
1.7
1.8
1.55
2.5
1.9
1.7
2.2
2.4
1.7
1.7
1.9
2.3
1.8
1.9
1.4
2.5

2867449
2150587
1479373
3229976
13284860
9963491
5083409
10004200
9000079
6750059
3372000
8863194
103934900
77951200
58313410
74133220
89376820
67032610
75845620
63399680
860163
645122
406895
669433

Relative Ratio
(%)
51.58
48.42
60.64
39.36
56.28
43.72
57.86
42.14
52.90
47.10
58.30
41.70

The electrocatalytic activities of M-N-C/Pt electrocatalysts toward the HOR were evaluated in
H2-saturated 0.1 M KOH. Figure 5.18 and Figure 5.19a show the polarization curves of the
electrocatalysts that are normalized to the geometric area of the electrode, and the HOR current
density decreases following the sequence of Mn-N-C > Ni-N-C ≥ Co-N-C ≥ Fe-N-C > N-C/Pt >
Cu-N-C. Moreover, Figure 5.18b shows the polarization curves of the electrocatalysts where
the current densities are normalized with respect to the electrochemical active surface area
(ECSA, Figure 5.20) of Pt and the diffusion-limited current density (jlim). The half-wave
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potential (ƞj @ 0.5 jlim) decreases in the identical order of Mn-N-C > Ni-N-C ≥ Co-N-C ≥ FeN-C > N-C/Pt > Cu-N-C.
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Figure 5.18 (a) HOR polarization curves normalized to the geometric area of the electrode of
N-C/Pt, M-N-C/Pt, and 20% Pt/C in 0.1 M KOH. (b) HOR polarization curves normalized to
the diffusion-limited current density.

Figure 5.19 Electrochemical performance of the samples. (a) HOR polarization curves
normalized to the diffusion-limited current density jlim. (b) The kinetic current density and the
fitting curves are calculated based on the Volmer-Butler equation. (c) The exchange current
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density of the samples. (d) ECSA-normalized HER polarization LSV curves and (e) the
corresponding Tafel plots. (f) The ECSA-normalized current density of the samples at 200 mV.
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Figure 5.20 Cyclic voltammetry curves of (a) N-C/Pt, (b) Mn-N-C/Pt, (c) Fe-N-C/Pt, (d) CoN-C/Pt, (e) Ni-N-C/Pt, and (f) Cu-N-C/Pt in N2-saturated 0.1 M KOH with a scan rate of 50
mV s-1. The calculated ECSA values are displayed.
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Figure 5.21 The polarization curves with the corresponding Butler-Volmer fitting of (a) NC/Pt and (b) 20% Pt/C in 0.1 M KOH.
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Figure 5.22 The polarization curves with the corresponding Butler-Volmer fitting of (a) MnN-C/Pt, (b) Fe-N-C/Pt, (c) Co-N-C/Pt, (d) Ni-N-C/Pt, and (e) Cu-N-C/Pt in 0.1 M KOH.
The specific exchange current densities are fitted based on the Butler-Volmer equation (Figure
5.21-5.22). As shown in Figure 5.19b-c, the specific exchange current density is increased
when using M-N-C supports except for Cu-N-C. Specifically, the exchange current density of
Mn-N-C/Pt (1.48 mA cmPt-2) is more than twice that of N-C/Pt (0.63 mA cmPt-2) and over 5
times that of 20% Pt/C (0.26 mA cmPt-2). These results suggest that the incorporation of Mn,
Fe, Co, and Ni can promote the HOR kinetics, while incorporating Cu results in no positive
effect. The HER activities of M-N-C/Pt electrocatalysts were evaluated in N2-saturated 1 M
KOH. Figure 5.23 shows the geometric-area-normalized HER polarization curves of M-N-
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C/Pt. The required overpotential to deliver the current density of 10 mA cm-2 follows the same
trend of the half-wave potential of the HOR. The ECSA-normalized LSV curves are displayed
in Figure 5.19d and Figure 5.24, which again demonstrate the enhanced HER kinetics for MN-C/Pt (M= Mn, Fe, Co, Ni) as compared with N-C/Pt. The Mn-N-C/Pt possesses the lowest
overpotential (83 mV) at 10 mA cmPt-2 and the smallest Tafel slope (83.5 mV/dec, Figure
5.19e). The jECSA of Mn-N-C/Pt at the overpotential of 200 mV (Figure 5.19f) is 46.6 mA cmPt2

, which is higher than that of N-C/Pt (12.6 mA cmPt-2) and 20% Pt/C (5.2 mA cmPt-2). Also,

the use of Cu-N-C support leads to no positive effect for the HER.
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Figure 5.23 (a) Geometric-area-normalized HER polarization curves of N-C/Pt, M-N-C/Pt
(M=, Mn, Fe, Co, Ni, and Cu), and 20% Pt/C in 1 M KOH and (b) the corresponding Tafel
plots.
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Figure 5.24 (a) ECSA-normalized LSV curves of N-C/Pt, M-N-C/Pt (M = Mn, Fe, Co, Ni, and
Cu), and 20% Pt/C in 1 M KOH and (b) the corresponding Tafel plots.
The distinct performances of M-N-C/Pt motivate us to further explore the specific role of MN-C supports in HER/HOR. As demonstrated in our previous work, Pt NPs were immobilized
on M-N-C nanosheets via M-O-Pt interfacial bonding, and the metal dopants in M-N-C are
bonded with four in-plane N atoms and one out-of-plane O atom, resulting in a square
pyramidal geometry based on the crystal field theory.[221-223] For one, the electronic
structure of Pt can be tuned via the M-O-Pt bond since the electron distribution between O and
Pt is affected by the hybridization between M 3d and O 2p. For another, changing the metal
dopants in M-N4 moieties would also influence the water hydroxyl species adsorption behavior.
To be specific, the five 3d orbitals of the metal would split into two eg and three t2g orbitals to
offset the electrostatic repulsion, as shown in Figure 5.25a. Taking the Mn-N-C/Pt as an
example, the electronic configuration of the Mn atom is 3d54s2, and hence it should be t2g5eg0
for Mn in Mn-N-C considering the +2 valence state of Mn. Generally, the empty eg states of
metal cations possess strong overlaps with O 2p orbitals of oxygen-related adsorbates including
H2O and hydroxyl (OH) species.[224, 225] Therefore, Mn-N-C with more empty eg states
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would promote the adsorption of H2O molecules and OHad species significantly. In contrast,
the electronic configuration of Cu in Cu-N-C is t2g5eg4, and the full eg orbitals of Cu result in
negligible H2O/OH adsorption capability, and the comparative eg occupancy of Fe-N4, Co-N4,
and Ni-N4 moieties enables them with similar H2O/OH adsorption. The Gibbs free energy of
water adsorption (ΔGH2O) and the hydroxyl binding energy (EOH) of Mn-N-C, Co-N-C, and
Cu-N-C supports are calculated based on the density functional theory (DFT). The ΔGH2O on
Mn-N-C is –0.36 eV (Figure 5.25b), superior to that of the Cu-N-C, proving the strong water
adsorption ability of Mn-N-C. Meanwhile, the ∆EOH of Mn-N-C and Cu-N-C is –0.07 and 1.46
eV, respectively, indicating the strong OH binding of Mn-N-C. Therefore, it is reasonable to
conclude that, the d orbital filling degree of the metal dopants determines the hybridization
between metal 3d and O 2p, which results in the varied water adsorption and OH binding
capability. The HER and HOR processes on M-N-C/Pt heterostructured electrocatalysts are
illustrated in Figure 5.25d. The M-N-C supports work for accelerating the Volmer step for the
HER and the HOR, and hence promote the HOR/HER kinetics on Pt in alkaline media. To
verify our speculations, Mo-N-C and Ag-N-C nanosheets are prepared and employed as the
support for Pt NPs. The electronic configurations of Ag and Mo are t2g6eg4 and t2g1eg0 for AgN-C/Pt and Mo-N-C/Pt, respectively, based on the XPS results (Figure 5.26-5.27). Therefore,
Mo-N-C would promote the HER/HOR activity of Pt more significantly than Ag-N-C support,
and the experimental results verify our speculation (Figure 5.25e and Figure S23-S24).
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Figure 5.25 (a) The illustration of electron occupation of metal 3d orbitals for Pt-O-M-N4
structure, with the eg orbital filling degree for M-N4 (M = Mn, Fe, Co, Ni, and Cu). (b) The
Gibbs free energy of water adsorption on M-N-C support. (c) The OH binding energy on MN-C support. (d) The schematic illustration of HER/HOR reaction mechanism on M-N-C/Pt
heterostructured electrocatalysts. (e) The HER/HOR activity using Mo-N-C and Ag-N-C as
supports.
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Figure 5.26 High-resolution XPS spectra of (a) Mo 3d, (b) N 1s, and (c) Pt 4f of Mo-N-C/Pt.
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Figure 5.28 (a) ECSA-normalized LSV curves and (b) Tafel plots of N-C/Pt, Mo-N-C/Pt, AgN-C/Pt, and 20% Pt/C. (c) Geometrical HOR polarization curves and (d) HOR polarization
curves normalized to the diffusion-limited current density jlim of N-C/Pt, Mo-N-C/Pt, Ag-NC/Pt, and 20% Pt/C.
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Figure 5.29 The polarization curves with the corresponding Butler-Volmer fitting of (a) MoN-C/Pt and (b) Ag-N-C/Pt.

5.4 Conclusion
In summary, we have demonstrated the general applicability and the significance of
constructing M-N-C multifunctional supports for accomodating Pt NPs toward the alkaline
HER/HOR. Our results show a universal promotion effect on the HER/HOR activity of Pt
owing to the existence of M-N-C species, which is mainly determined by the electronegativity
of transition metals and the relative filling degree of their d-orbitals. The smaller
electronegativity of Mn leads to stronger hybridization between Mn and O, which modulates
the electronic structure of Pt via the Mn-O-Pt interfacial bonds; meanwhile, Mn possesses more
empty d-orbitals that promote the interaction between M-N-C and water/hydroxyl species.
Therefore, transition metal-functionalized carbon nanosheets serve as suitable substrates
toward alkaline hydrogen electrocatalysis by promoting the Volmer step of the HER/HOR,
ensuring the homogeneous dispersion of active species, and improving the electrical
conductivity. Our results present a construction concept of multifunctional catalyst substrates
and would inspire the future design of advanced electrocatalysts.
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6.1 General conclusions
In this doctorial project, the recent development of carbon-based electrocatalysts for alkaline
HER/HOR in water electrolysis and fuel cells is discussed. Carbonaceous materials as
individual catalysts or catalyst support have been discussed in the literature review section.
Furthermore, a carbon support functionalization strategy based on transition metal single atoms
was demonstrated to be a universal strategy to construct multi-functional catalyst support. The
investigation of the effects of metal-N-C moieties on alkaline hydrogen electrocatalysis
deepens the understanding of hydrogen electrocatalysis chemistry and benefits the
development of multifunctional alkaline HER/HOR electrocatalyst.
For the case of Ni single atoms, we demonstrated that the incorporation of Ni single atoms (NiN-C) endows the Ni-N-C with added capability in cleaving H-OH step, which accelerates the
overall alkaline HER kinetics for Ni-N-C/Pt electrocatalyst. The higher Ni content ensures the
faster water dissociation rate as well as the overall reaction kinetics. When the Ni content
further increased to Ni nanoparticles (NPs), the strong Had adsorption would hinder Had transfer
and slow the Had recombination step. Owning to the weak adsorption of Had on Ni-N4 sites, the
Ni single atoms (Ni-N4 moieties) could benefit the Had spillover from Ni-N4 to metallic Pt sites,
which also promote the Had recombination step. The Ni-N4 moieties, oxidized Pt, and metallic
Pt contribute synergistically to the faster alkaline HER kinetics for Ni-N-C-250/Pt. Therefore,
the Ni-N-C-250/Pt exhibits highly improved HER activity compared to N-C/Pt, Ni-N-C-500/Pt,
and 20% Pt/C.
Apart from Ni single atoms, many other transition metal atoms (e.g., Mn, Fe, Co, Mo, etc.)
have been confirmed to be effective as carbon functionalization agents. Furthermore, when
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utilized as functional carbon supports to immobilize PGMs, metal-N-C nanosheets not only
promote alkaline HER kinetics but also boost HOR rate, which is closely associated with the
electronegativity and 3d orbital occupancy of transition metals. Specifically, metal-N-Cmodified Pt follows the trend of Mn-N-C > Ni-N-C ≥ Co-N-C ≥ Fe-N-C > N-C/Pt > Cu-N-C.
The smaller electronegativity of Mn leads to stronger hybridization between Mn and O, which
modulates the electronic structure of Pt via the Mn-O-Pt interfacial bonds. Meanwhile, Mn
possesses more empty d-orbitals that promote the interaction between M-N-C and
water/hydroxyl species. Consequently, metal-N-C/Pt (metal = Mn, Fe, Co, Ni) exhibits highimproved HER/HOR activity compared with N-C/Pt and 20% Pt/C.
In summary, this thesis proposed a catalyst support functionalization concept via metal single
atoms, which endows them with H-OH cleaving and OHad adsorption capability for the
promoted alkaline hydrogen electrocatalysis. The illustration of the boosted alkaline
HER/HOR kinetics would deepen the understanding of fundamental HER/HOR processes as
well as benefit the development of efficient hydrogen electrocatalysts.
6.2 Outlook
Although some progress has been achieved in the understanding of HER/HOR processes,
however, the current studies are far from being satisfactory. To make substantial progress for
the development of low-cost high-performance hydrogen electrocatalysts, some aspects still
need to be paid further attention.
First, from the viewpoint of catalyst design, a rational material design approach with an easily
determined surface or interface structure is highly important to further study the kinetics
processes of the alkaline HER/HOR. Given this, the use of single crystals might be helpful for
the construction of the structure-activity relationship, as well as the interpretation of
fundamental electrochemical processes. Second, the Operando and dynamic techniques are
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necessary to characterize the subtle structure variations during the electrochemical process.
The in situ XAS, XPS, Raman spectroscopy, and Infrared spectroscopy that sensitive to the
catalyst structures or surface cations would play a rather significant role in deciphering the
scientific issues in alkaline HER/HOR. Third, the first-principles simulations and DFT
calculations are required to couple with experimental work to allow us to better develop a
mechanistic understanding of how these cations, ions, structure changes affect the catalytic
activity.
In terms of electrochemical performance, most of the catalyst performances in previous reports
were tested in a three-electrode configuration and other related electrochemical
characterizations were also limited in experimental scale. From the viewpoint of practical
application, the catalyst performances need to be verified in water electrolysers or fuel cells,
although a certain amount of catalysts fail to deliver equivalent performances they claimed in
the three-electrode system. Considering the large gas-diffusion resistance and complicated
anion-exchange membrane, the electrochemical characterizations of the catalysts could be
transferred from three-electrode system to membrane electrode assembly, which is a significant
step for the practical catalyst application.
Apart from the catalyst design and electrochemical characterization, tremendous efforts should
also devote to the design and/or optimization of the high-performance membrane, gas-diffusion
layer, and operational conditions (temperature, gas/water management) to achieve better
hydrogen production/utilization via water electrolysis/fuel cells.
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